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NOMENCLATURE 

area, or half the length of the minor axis of the coolant 
hole exit area 

half the length of the major axis of the coolant hole 
exit area 

specific heat at constant pressure 
friction coefficient (Appendix A) 
tunnel blockage factor 
coolant hole diameter 

cylinder diameter, or coolant hole diameter (Appendix B) 

Eckert number, V^^/c„(T_ - T^) 

friction factor 

surface force due to friction 

local heat transfer coefficient 

momentum flux ratio (p^ )/(p^ ) 

thermal conductivity 

roughness height 

sand grain roughness 

length of coolant hole 

mass flow rate 

blowing ratio (pc Vc)/(p. V„) 

Mach number 
Nusselt number, hO/k 

pressure, or spacing of rows of film coolant holes 
Prandtl number, pCp/k 
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NOMENCLATURE (Cont'd) 
local heat flux 

Reynolds number based on mean film temperature 

Reynolds number based on freestream density and film 
viscosity, 

gas constant 

coolant hole center-to-center spacing along a row of 
holes 

Stanton number, q'V(pCpV)^ (T^ - T^) * h/(pCpV), 

Stanton Number Reduction, 1 - Stp^/Stp 

Stanton Number Ratio, Stp^/St^ 

time dependent component of temperature 

temperature, or time averaged temperature 

time dependent component of velocity 

velocity, or time averaged velocity 

distaixe in streamwise direction downstream of 
coolant holes 

dimensionless distance parameter, (L/D)/(RePr) 
vertical distance 

spanwise or lateral distance along the surface, normal 
to the flow direction 


coolant hole angle measured along surface relative 
to the x*axis, or a parameter in coolant mass flow 
distribution (Appendix A) 

coolant injection angle measured from the surface 
tangent 
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NOMENCUTURE (Cont*d) 

GREEK (cont'd) 

t specific heat ratio, Cp/c^ 

* 

6 boundary layer displacement thickness 

e property exponent (i.e., k«T*) 

8 angular position along a cylinder relative to stagnation, 

or dimensionless temperature 

dimensionless coolant temperature, 

angular position of roM of coolant holes relative to 
stagnation line 

M dynamic viscosity 

p density 
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spanwise averaged 
bulk temperature 

coolant condition at exit of coolant hole 
based on cylinder diameter 
mean film temperature, ■ (T^ + ^f * 

with film cooling 

at injection, or denoting the i^^ element, or inlet 
condition 

denoting the j^^ elenmnt 

average along the length of the coolwt hole 

spanwise maximum SNR. at a fixed blowing ratio, H, and 
downstream distance, x/d^ 
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NOMENCLATURE (Cont'd) 


SUBSCRIPTS (con't) 

noffl nominal wall temperature, T^ computed as an average 

of the temperatures from the 47 wall thermocouples In the 
film cooled region 

0 without film cooling, or outlet condition 

p plenum condition 

ROW spanwise averaged wall temperature for a row of 

thermocouples 

SEG temperature cf drop-in segment 

T total or stagnation condition 

TOTAL total coolant flowrate supplied to plenum 

w wall condition 


X parameter Is a function of x-coordinate 

o local freestream condition around the test cylinder 

•,o freestream condition upstream of the test cylinder 


SUPERSCRIPTS 

* Reynolds number based on freestream density and film 

viscosity 


average quantity 
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I. INTRODUCTION 

To meet the demands for improved gas turbine engine performance! 
turbine inlet gas temperatures have been progressively Increased. This 
has required a continuous evolution of improved materials and more effec* 
tive methods of cooling turbine vane and blade surfaces. 

Typical methods of cooling include: (a) internal convection, where 

internal heat removal is enhanced by flow through labyrinth channels, pin 
fins and impingement flow, and (b) external film cooling, where external 
heat transfer to the surface is reduced by ejection of coolant onto the 
vane surface through discrete slots or rows of holes. In regions of high 
thermal load (e.g., the leading edge of a turbine vane), the maintenance 
of allowable metal temperatures frequently requires the use of closely 
spaced multiple rows of holes (i.e. full-coverage film cooling) to obtain 
the necessary combination of external film cooling and internal convection 
(within the holes). 

This study is the second part of an experimental investigation con- 
ducted to determine the effects of full -coverage film cooling for turbine 
vane leading edge applications. In the first part of the investigation, 
Luckey and L'Ecuyer [1] reported the results of film cooling for a range 
of coolant hole configurations, with the coolant temperature equal to the 
test surface wall temperature. The purpose of the study reported herein 
was to examine the effects of film cooling with the coolant temperature 
less than the wall temperature. 

I. A. Definition of Film Cooling Parameters 

The geometric and flow parameters used to describe multiple row film 
cooling are illustrated in Figure 1. The film coolant is injected onto 
the surface through holes of diameter, d^, with center-to-center hole 
spacing, S, and row spacing, P. The origin of the coordinate system is 
located at the center of the coolant hole with (x) defining the direction 
of the freestream flow and (z) the lateral or spanwise direction. Non-di- 
mensional coordinates x/d^ and z/S are used for convenience. 
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The orientation of the coolant hole Is defined by the angle a* with 
respect to the streamwise (x) direction, and the angle 8. with respect to 
the local surface tangent. An angle a*0” corresponds to streamwise coolant 
Injection, while a*90® and 0®<a<90® are referred to as spanwise and com* 
pound Injection, respectively. Due to the angle limitations Iti^osed by 
surface curvature In the leading edge region, all experiments In this 
study and In part one of the investigation [1] were performed with spanwise 
injection (a»0*). 

The film cooling performance is governed by the mass flux (p^ V^) and 
temperature (T^) of the coolant Injected onto the surface. It Is common 
to characterize the injected mass flux by the blowing ratio defined as 


where denotes the local freestream mass flux at the point of Injec- 
tion. In the leading edge region, there Is a large variation of 
along the surface. 

The temperature of the coolant leaving the hole may be characterized 
by a dimensionless coolant temperature defined as 


. - T. (VTJ - 1 

®c ■ r~T’ ■ (Tjrr^ T 

w • ' w 


( 2 ) 


The hydrodynamic behavior of the Injected coolant also depends on the 
following related parameters. 
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I.B. Discussion of the Literature 

A comprehensive review of the film cooling literature has been pre- 
pared by Goldstein [2]. In addition, subsequent reviews of the literature 
may be found in [1], [3] and [4] docianenting the influence of numerous 
variables governing film cooling performance. The purpose of the present 
discussion is to review the features of film cooling models Important to 
the subject study. Of particular Interest Is the modeling of film cooling 
conditions characteristic of the gas turbine snvirorenent wherein large 
values of gas-to-wall temperature ratio and cool ant- to- freest ream density 
ratio exist. 

An examination of the film cooling literature reveals two methods that 
have been developed foi the analysis of film cooling performance. The 
adiabatic effectiveness method is based on a sequence of two experiments. 
First, the temperature distribution for an adiabatic film cooled wall Is 
used to determine the adiabatic effectiveness distribution which Is taken 
to be independent of coolant temperature. Separately, the hydrodynamic 
influence of coolant blowing on the heat transfer coefficient is deter- 
mined. This information then enables the prediction of the actual heat 
flux for a specified (non-adlabatic) film cooled wall temperature. (See 
[1] for more discussion.) 

The adiabatic effectiveness method has been used widely. The adia- 
batic wall condition usually is achieved using wall materials of very low 
thermal conductivity and using wall-to-coolant temperature differences 
tha*. are small. In this context, the investigation of the influence of 
the gas-to-wall temperature ratio is very limited. The Influence of 
cool ant- to- freest ream density ratio has been investigated by using a 
coolant gas of high molecular weight, measuring impermeable wall effec- 
tiveness, and applying the mass transfer analogy. 
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An alternate approach to film cooling performance analysis Is the 
direct heat flux (or Isothermal wall) method based on the linear super- 
position mo<tel of Choe. Kays, and Moffat [5J. Their analysis of the 
energy equation for the thermal boundary layer for Isothermal wall, con- 
stant property f'low yields a tein>erature field that Is linearly dependent 
on the film coolant dimensionless temperature, Utilizing the Stanton 
number defined as 

“ ' (p <=p Tw)' 


the linear temperature field results in a linear dependence of St on 
given v^s 


St 


St^ + (0J. - 


Stg - St^ 
®c2 “ ®cl 


(7) 


Direct heat flux measurenents, for an isothermal film cooled wall, yield 
St^ and St2 for two different film coolant temperatures, and 0^2* 
Equation (7) then enables the prediction of the heat flux (St) for any 
other specified coolant temperature, 0^. 

To test the validity of the model, Choe, Kqys and Moffat £5j performed 
experiments on a flat. Isothermal test surface to measure the heat flux 
(St) at constant blowing ratio for selected coolant temperatures (0^). 
Sample results for the Stanton number change (aSt) for M=0.52 are shown 
in Figure 2. Using experimental data for 0^^ » 0.057 and 0^2 * 1*13, 
values for aSt were predicted (eqn (7)) for 0^ > 1.395 and are shown to 
be in good agreement with measured values. 

The linear superposition model is based on the assun^tlon of constant 
fluid properties:. Certainly, for the experiments of [5j, with the free- 
stream air at roon; temperature and the surface temperature 10* to 20*K 
higher, the constant properties model shows excellent agreement with ex- 
perimental results. 
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OM=0.53, 9 - 0.057 
• M=0.52, «=I.I3 
OM*0.50.^= 1.395 
□ Ms0.52d, ^*1.395, Predicted 
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ASt=St(F.0»O)-St(F.fl) 
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Figure 2. of Dimensionless Coolant Temperature on Stanton 

.lumber (Choe, Kays, and Moffat [5] 
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Also Implied in the constant properties model Is the assunptlon that 
the floM field with coolant Injection Is unaffected by changes In the 
coolant temperature (e^). For the experiments of [5], with • 1.017 
and M > constant, the variation of from 0.0 to 1.4, corresponding to a 
9X variation In the momentum flux, velocity, and density ratios (see eqns 
(3) - (5)), should have little affect on the flow field. Hoi^ver, for 
gas turbine applications (T^/T^ - 1.5 - 2.0), the Influence of e^. on 
property variations and the flow field has not been Investigated. 

The foregoing discussion Illustrates the difficulty In modeling the 
film cooling performance characteristic of the gas turbine environment 
wherein the importance of large values of gas-to-wall temperature ratio 
and cool ant- to- frees tream density ratio Is uncertain. In the present study, 
the direct heat flux method was selected to permit the Inclusion of those 
parameters in the Investigation of film cooling characteristic of the 
turbine vane leading edge. 


l.C. Scope of the Investigation 

An experimental program was initiated to Investigate multiple row 
film '■ooling configurations typical of turbine vane leading edge appli- 
catlor. >. Sl.iiulation of the gas turbine environment was accomplished using 
the stagnation region of a cylindrical, film cooled test surface in a 
crossflow of heated air with Roq ~ 9 x 10 ^ and T^/T^ - 1 . 7 . Film cooling 
experiments were conducted with spanwise angled holes (o = 90®, p * 25®, 
see Fig. 1 ) using miniature heat flux sensors to measu'e the local heat 
flux. The film cooling performance was determined by the Stanton Number 
Reduction (1 - Stp^/St^) due to film coolant injection. 

In the first part of the investigation, Luckey and L'Ecuyer [IJ 
reported the results for coolant hole configurations varying the hole-to- 
hole spacing, row-to-row spacing, number of rows, and the location of 
rows relative to the stagnation line. All experiments In the first part 
were conducted with the coolant temperature equal to the wall temperature, 
6 ,- 1 . 

In the second part of the investigation, reported herein, experiments 
were conducted using the same cylindrical test surface and Instrumentation 
to determine the influence of coolant temperature on Stanton Number 




8 


Reduction for the range 1.18 - - 1.56. Experluents were performed with 

a single row of spanwise angled holes (o = 90". 6 * 25®) with a hole-to- 
hole spacing of S/d^ » 5. Film cooling data were obtained with the row of 
holes at three locations (e^ = 5.0®, 22.9®, and 40.8®) relative to stagna- 
tion covering the same range of coolant blowing ratio (0.25 - M - 10.25) 
used in the first part of the investigation [1]. Results are presented 
to show the influence of e. on the local and spanwise averaged Stanton 
Nunnber Reduction. 
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II. EXPERIMENTAL INVESTIGATION 
II. A. Introduction 

The objective of the research program was to Investigate multiple 
roM film cooling under conditions characteristic of ^e leading edge of 
a turtine vane. To model the leading edge region, geometric similarity 
was obtained using the front stagnation region of a circular cylinder In 
crossflow. Initially, an extensive studiy was conducted by Luckey and 
L'Ecuyer [1] using a film coolant temperature equal to the wall tM|>era- 
ture. ^ 1.0. In the subject stu<i(y, experiments were conducted to 
determine the Influence of film coolant temperature on the film cooling 
performance using T^. < T^. > 1.0. The experimental apparatus was 

essentially the same as that used In [1] w1 <h modifications of the film 
coolant supply to produce reduced coolant temperatures In the range 
1 . 1 8 js 0^ N 1.56. 

Effective modeling of the convective heat transfer environment for 
the leading edge region requires the simulation of Important dimensionless 
parameters that govern the flow and heat transfer phenomena. A dimensional 
analysis of the governing conservation equations [3j shows that the Nusselt 
number can be expected to depend upon the following parameters: 

Nu - f(x, z, Rep. Pr. Ec. c. T^f^). 

With film cooling along the surface, dimensional analysis shows [6] that 
the Nusselt or Stanton number Is also a function of the following film 
cooling parameters: 

St f(M, 0^, p^/p^. /d^, a, 3). 

In this Investigation (the subject study and [Ij), experiments were con- 
ducted to simulate the values of Rep, M, e^, p^,/p^, 6 /d^. a, and 

ti, typical of the leading edge of a film cooled turbine vane. 
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II.B. Description of Experimental Apparatus 

The Investigation of multiple txm film cooling typical of a turbine 
vane leading edge was conducted using a cylindrical test surface exposed 
to a crossflow of air heated by a gas turbine combustor. A brief descrip- 
tion of the experimental apparatus Is presented In the following sections. 

A more detailed description Is given In [1]. 

II.B.1. Flow System 

Figure 3 Is a simplified schwnatic of the overall flow system used 
in conducting this Investigation. A blow-down facility provided an air 
flow permitting a continuous run time of approximately one hour. The air 
entered a gas turbine combustor, where methyl alcohol was burned to pro- 
vide the nominal frees tream ten^rature of T^ - BOOK. 

Downstream of the combustor the flow was dumped Into a large settling 
chanter to provide some control of the turbulence Intensity passing through 
the test flow channel. The hot flow from the combustor was directed against 
the dome end of the chamber and passed through three stainless steel fine 
nesh screens. The flow accelerated through a 2:1 area contraction to the 
chamber exit. 

At the entrance to the flow channel, a stainless steel honeycomb flow 
stralghtener was maintained In position by a fine screen. The flow channel 
sections, shown In Figure 3, had an open area of 0.46m by 0.30m. A turbu- 
lence screen could be Inserted between any two flow channel sections. 

Upstream of the test section holding the cylinder, a special flow 
channel section was positioned to allow the insertion of probes Into the 
flow stream. A traversing mechanism attached to the outside of the flow 
section allowed a probe to be traversed across the entire depth or width 
of the flow field. 

Downstream of the traversing probe, the test cylinder was held In 
the flow channel with circular flanges. Each flange consisted of two 
separate pieces which were held together by machine screws. As the 
machine screws were tightened, o-rings between the two flange pieces pro- 
vided a pressure seal around the cylinder. By loosening the machine 
screws holding the flange together. It was possible to rotate the cylind- 
er with respect to the flow channel. 



Methanol Fuel 
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Figure 3. Schematic of the Flow System 
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The hot freestream flow passed over the test cylinder and was exhausted 
to the atmosphere. 


11.3.2. Test Cylinder 

A schematic drawing of the test cylinder is shown in Figure 4. The 
0. 15m diameter cylinder, also shown in the photograph in Figure 5, was a 
scaled-up model of the leading edge of a turbine vane. The large increase 
in size enabled the use of film coolant holes that were large relative to 
the instrumentation which measured the surface heat flux and temperature. 
This was the same test cylinder used in the first part of the investiga- 
tion [1]. 

Three concentric cylinders were used to construct the 0.41m long 
test cylinder. The inner, stainless steel cylinder was machined with 
channels to provide for internal cooling of the test cylinder. The second 
stainless steel cylinder was slipped over the inner cylinder, sealing the 
cooling channels. Tubes were installed at both ends of the cooling 
channels to allow for the flow of water coolant. The outer cylinder was 
a thin skin of beryllium- copper slipped over, and brazed to, the stainless 
steel cylinder. 

Film coolant holes were located in removable drop-in segments which 
fit into five slots milled into the test cylinder. The coolant holes 
were drilled with a hole-to-hole spacing of S/d^ = 5, and the segments 
were installed with a row-to-row spacing of P/d^ = 5. Figure 6 shows the 
test cylinder with two of the five drilled segments installed. The experi- 
ments of the present study were perfonned with film coolant supplied to a 
single row of holes (Row 1 in Figure 4). The holes in the remaining four 
rows were plugged inside the test cylinder. 

Figure 7 shows a schematic of the segment used in Row 1. The eleven 
coolant holes were counterbored from the bottom of the segment and a short 
length of copper tubing was inserted into each hole. The copper tubes 
were used to support thermocouples measuring the temperature of the coolant 
entering the segment. 

Coolant lines were connected to each of the eleven copper tubes in 
the segment to supply air film coolant to each coolant hole. In this 
study, the coolant supply lines were made of thick-wall rubber tubing. 


Stagnation Line for 
Freestreom Flow 
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Figure 6. Photograph of the Instrumented Region of the Test Cylinder 
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In the previous study [1], the coolant supply lines were thin-wall 
vinyl tubing. 


I1.B.3. Film Coolant Supply System 

The experimental apparatus described In the previous sections v )s 
the same for both the present study and the first part of the investigation 
[1], with the exception of the film coolant supply system. This sytem was 
modified to produce reduced coolant temperatures yielding T^ < T^t 
e, > 1.0. 

Figure 8 is a schematic diagram of the film coolant stpply system. 

Air from the blow-down facility was split and routed to tMO separate film 
coolant flow paths leading to the test cylinder. Path A supplied the 
Primary Plenum with five lines delivering coolant to holes No. 4 through 
8 In the drop-in segment for Row 1 (see Fig. 7). Path 6 supplied the 
Secondary Plenum with six lines delivering coolant to holes No. 1. 2, 3, 

9, 10, 11 (see Fig. 7). Each of the eleven coolant holes In Row 1 was 
fed by a distinct delivery-supply line. 

For each of the two flow paths, the coolant flow rate was controlled 
with fine needle valves and was measured with hot- film mass flow meters. 

The metered air flow was routed to the coils of a methanol heat exchanger. 

The methanol heat exchanger consisted of a d ry- 1 ce/methano 1 mixture 
(stable bath temperature of 178K) in which coils of tubing (length = 6.1m, 
i.d. = 10.8mm, L/D = 560) were submerged. The methanol heat exchanger 
was used to remove moisture frcxn the film coolant air to prevent Icing 
and plugging of the small diameter tubes downstream. 

The film coolant air for the two flow paths was dumped into plenums 
at the exit of each heat exchanger coil. Five coolant delivery lines were 
connected to the primary plenum and six coolant delivery lines were con- 
nected to the secondaiy plenum. The plenums served to apply a uniform 
pressure at the inlet of the coolant delivery lines. The measured plenum 
air pressure and temperature were used In calculating the coolant mass 
flow rate through each coolant line. 

The coolant delivery lines were connected from the primary and 
secondary plenums to the air Inlet side of the nitrogen heat exchanger 
illustrated schematically In Figure 5. Eleven tubes passed through the 
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shell of the heat exchanger, one for each film coolant delivery-supply 
line. Liquid nitrogen was supplied to the shell of the nitrogen heat ex- 
changer In a counter- flow arrangement. The nitrogen heat exchanger was 
constructed entirely of brass, with all parts joined by silver-solder. 

The shell measured 76mm o.d. , wall thickness S.Zmm, length 0.2(hn. The 
air cooler tubing measured 3.2ivn o.d., 1.6mm l.d., length 0.66m, L/D~410. 

Liquid nitrogen was forced Into the nitrogen heat exchanger through 
copper tubing by pressurizing one or two liquid nitrogen storage dewars. 
The number of dewars and the dewar pressure were selected to provide a 
nitrogen flow rate which produced the desired film coolant tenperature. 

The chilled film coolant air was routed from the nitrogen heat ex- 
changer to the test cylinder drop-in segment (Row 1) through the rubber 
coolant supply lines. 

As shown In Figure 8, the film coolant supply was split Into two 
paths (A and 8} with the five coolant delivery-supply lines fed by the 
primary plenum routed to the primary coolant holes (No. 4 - 8) located 
in the instrumented region of the test cylinder. The five primary coolant 
lines were selected to minimize the hole-to-hole variation In the film 
coolant flowrate and exit temperature In the Instrumented region.^ The 
six remaining lines, fed by the secondary plenum, were routed to film 
coolant holes No. 1, 2. 3, 9, 10, 11 to maintain a uniform ten^rature 
in the drop-in segment. 


II. C. Instrumentation and Measurements 
The mass flow rates of the combustion air and fuel were measured 
using flat-plate orifices with pressure transducers to measure the dif- 
ferential and static pressures. The freestream flow conditions (Ty, Py, P) 
were measured 0.23m upstream of the leading edge of the test cylinder. 
Measurements were made with a wedge-shaped pitot-static pressure and total 
temperature probe. 


^ Preliminary tests were conducted to select those five delivery-supply 
lines with nearly equal pressure and temperature drop characteristics 
to supply the five primary coolant holes. 


Metering 
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Figure 8. Schcnatic of the Film Coolant Supply System 



Liquid Nitrogen Nitrogen 

Supply 


20 


ORIGINAL PAGE fS 
OF POOR QUALITY 



1 I'Tl 

rt rt n f1 



Figure 9. Schematic of the Nitrogen Heat Exchanger 
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A view of the instrumentation installed In the film cooled region of 
the test cylinder Is shown In the photograph of Figure 6. In the schematic 
diagram. Figure 10, the Instrumentation and coolant holes In the film 
cooled region of the test cylinder are shown to scale. The coolant holes 
represented by solid outlines (Row 1} are those through which coolant was 
ejected. All other holes (dashed outlines) were plugged inside the test 
cylinder In the present study. The hole and row spacing shown In Figure 
10 is S/d^ = 5, P/d^j » 5. 

The location of the Instrumentation (Figure 10) Is given In terms of 
the dimensionless streamwise coordinate (x/d^) relative to Row 1 for 
each of the nine rows of heat flux gages (see right margin). The dlmen- 
sionlrss spanwise coordinate (z/S) is shown with the origin (z/S ■ 0) at 
the center of coolant hole No. 5. The angular position along the left 
margin shows the position relative to the stagnation line when Row 1 is 
located 5.0° from stagnation. Table 1 lists the streamwise and spanwise 
coordinates for all heat flux gages. The repeatability of operational 
heat flux gages is discussed in Section III.F. 

The test cylinder was instrumented for surface static pressure and 
wall temperature measurements. Thermocouples (copper-constantan)) were 
placed on either side of each heat flux gage to determine the streamwise 
and spanwise wall temperature distribution. 



Table 

1 . Heat 

Flux Gage Locations 



Gage 
N unite r 


z/S 

Gage 

Number 

*/do 

z/S 

* 1 

-3.50 

0.00 

* 18 

6.50 

1.83 

* 2 

-3.50 

0.50 

19 

8.50 

0.50 

3 

-3.50 

0.00 

20 

8.50 

0.83 

4 

-1.50 

0.00 

21 

8.50 

1.17 

* 5 

-1.50 

0.50 

22 

8.50 

1.83 

6 

-1.50 

0.00 

23 

11.50 

0.00 

"7 

t 

1.50 

0.00 

24 

11.50 

0.33 

8 

1.50 

0.33 

25 

11.50 

0.67 

9 

1.50 

0.67 

26 

11.50 

1.33 

10 

1.50 

1.33 

27 

16.50 

0.50 

11 

3.50 

0.00 

28 

16.50 

0.83 

12 

3.50 

0.33 

29 

16.50 

1.17 

13 

3.50 

0.67 

30 

16.50 

1.83 

14 

3.50 

1.33 

31 

21.50 

0.00 

15 

6.50 

0.50 

32 

21.50 

0.33 

16 

6.50 

0.83 

33 

21.50 

0.67 

17 

6.50 

1.17 

34 

21.50 

1.33 


*Gage not operational. See Section III.F. 


o H«ot FJox Gauge oThermocouple oPressure Top 
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Degrees From Stagnation 



o 


r-igure 10. Schenatic of the Instrumented Region of the Test Cylinder 
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Direct measurement of the surface heat flux was made using miniature, 
Gardon type, thin foil heat flux gages. Due to the small size of the 
gages used, a microvolt signal was produced. Therefore, each gage was 
matched with an operational amplifier to provide a millivolt signal pro- 
portional to the heat flux. 

The mass flow rate of film coolant air to the primary and secondary 
plenums in the methanol heat exchanger was measured with hot film mass 
flowmeters. The static pressure and temperature in the plenums were 
measured to determine the mass flow rate of coolant delivered to each 
coolant hole. 

The reader is referred to [1] for a more detailed descriptiton of 
the test cylinder instrumentation. 

In the subject study, the temperature of the film coolant supplied 
to the coolant holes in the drop-in segment was measured using the thermo- 
couple fixture illustrated in Figure 11. A copper-constantan thermocouple 
was sealed into a short length of copper tubing. A screen was attached 
to the inlet of the tube to promote uniformity of the coolant velocity 
and temperature profiles. The copper tube thermocouple fixture was in- 
stalled into the drop-in segment film coolant hole as shown in Figure 12. 
The film coolant supply line was attached to the copper tube to deliver 
film coolant from the nitrogen heat exchanger. Tach of the five primary 
coolant holes. No. 4 through 8 (see Figures 8 and 10), was equipped with 
the copper tube thermocouple fixture to measure the film coolant tempera- 
ture supplied to the primary holes in the drop-in segment. The secondary 
coolant holes. No. 1, 2, 3, 9, 10, 11, were supplied by a copper tube 
identical to that shown in Figure 11 but with no thermocouple installed. 

The wall tenperature distribution in the drop-in segment was measured 
using four embedded copper-constantan thermocouples as shown in Figure 8. 

During an experiment, the voltage output from all heat flux gages 
and thermocouples was periodically scanned and recorded with a 96 channel 
data acquisition system. 
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II.D. Description of the Experiment 

This experimental program was conducted to Investigate the reduction 
in the local heat flux due to film cooling from multiple row injection on 
the leading edge of a cylindrical test surface with flow conditions chosen 
to simulate the film cooling typical of the leading edge of a turbine vane. 
To ensure that the experiment modeled representative leading edge condi- 
tions, a survey of turbine engine companies was made to determine flow 
conditions and coolant hole geometry typical of current and future leading 
edge designs. Table 2 shows the range of parameters important in film 
cooling the leading edge of turbine vanes and the specific values of each 
parameter being matched in this investigation. 

A Reynolds number of 9 x 10^ based on the leading edge diameter was 
chosen to match typical engine conditions. In the present study, a mod- 
erate freestream gas temperature (~500K) and water cooling of the test 
cylinder to maintain the surface near room temperature (■•294K), provided 
a freestream- to-wall temperature ratio of 1.7. The use of a copper skin 
helped maintain an approximately isothermal wall condition. 

The experiments of this study were performed with a clear wind tunnel 
(no turbulence generating screens) with the turbulence intensity approach- 
ing the leading edge of the cylinder measured to be in the range 4 - 8/li. 

In the subject study, the coolant hole injection angle of 25® and 
the spanwise hole-to-hole spacing of S/d^ = 5 were chosen for direct 
comparison with the results of the previous study [1]. Experiments were 
conducted with a single row of film cooling holes, placed at angular loca- 
tions, = 5.0°, 22.9®, and 40.8®, corresponding to injection locations 
used in the previous study [1]. 

Experiments were performed with the dimensionless coolant temperature 
in the range 1.18 < < 1.56. Values for the blowing ratio were chosen 

to cover the range used in [1]. Table 3 summarizes the values of and 
M used in the subject study. 


Table 2. Turbine Gas Stream and Film Cooling Heat Transfer Parameters 


27 


OF POOR QUAUTY 


c 













o 













•r“ 









0 













00 




<0 









• 




O' 









0 


























•k 


in 


0> 









0 


CNJ 

VO 

> 









CO 


• 

in 

c 









. 


0 

• 

•— t 









CM 


p“ 











CM 




01 


o 









1 

1 

3 




00 





* 




"O 





fO 




0 


m 

00 

u 


X 


1 

0 


0 


0 


CM 

r» 

3 



• 


• 


in 


* 


• 

• 

Q. 


o> 



0 


CM 

in 

in 


0 

f— 














10 













c 













o 


























•M 


























■ol 













Cl 













°\ 













o 













V 













Ol 













•o 













LU 


ir> 













o 











CT 













c 















X 











■a 













(0 













(U 













_i 


1 

OY 


CVJ 


0 




0 

0 






• 


m 




• 

• 






0 




0 


CM 

CM 

<o 


o 


o 




0 

0 




o 


r— 

• 

CM 

1 


1 

r— 

<T> 


1 

1 

•r* 

a 


X 


1 



0 

, 

1 


in 


> 

1- 



• 


C3 


tn 

•O' 

0 


• 

0 

• 























^ 

to 













c 


<Z> 


i/> 





H 



ID 

0 




c 

o 


>» 





^ — •* 





o 

0) 


•M 




^ 


•M 





0£ 


•r~ 




G 

1 C 



C. 


4.> 



10 




T3 

0 

■0 


3 


•r* 



C 


5 




c 

£ 

4^ 


■o 

W 


0) 


0) 


to 


0 

^ 

to 


c 

a* 


<M 


0 

o> 


10 

0 




o 

o 

■g 


C 

p — < 


01 

o> 

O) 

u 

0 

2 

0 8 

• 1 - > 

s. 



3 



L. 


c 

c 


D 

•»■> 8 

E 


E 

Z 


0) 

0} 

'o 

< 

•P“ 


t — * 

10 n 

0) 


(0 



u 


I 


u 

c 

U. 

o£ 

»— 


0) 

to 


c 

E 


0) 

le 

0 


u 

1 


u 

-a 


0> 

3 

•M 

(0 

Ql 

•r* 

<M 

o» 

■M 


•M 




c 

c 

•r^ 

to 

■M 

C 

c u 

> C 


1 /) 

o 


3 


n 



U 

« 

• 1 - Q. 

R> 


0> 

c 


43 

z 

r“ 

£ 

0) 

0) 

r— 




Ol 

>» 


t 

u 

0 

fO 


•0 

g 

0 

0 


c 

01 

8 

3 

•S 

0 

0 . 

0 

c 

5 

P“ 

0 


u. 

cc 

h- 


£ 

0 

to 

Z 

*— • 

0 

CO 

0 


R) 

u 

O- 




</l 

g 


o 

u 

0) 


0) 

4-> 

-g 

o 


«A 

0) 


c 

« 


0 

0) 

c 

a» 

c 

01 


>> 

0) 

> 


(A 

10 


T3 

0) 

•M 

U 

<U 


O 

U 

c 

o 


£ 

c 


i 


of current and future leading edge designs. 
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Table 3. Range of Conditions Simulated 
in the Present Study 


6^. = 5.0" 


M 

2.01 

2.99 


10.23 

®c 

1.29 



1.29 

1.32 

1.38 


0^ = 22.9" 


M 

0.25 

0.74 

1.23 

2.07 

2.45 

«c 

1.18 

1.33 

1.30 

1.29 

1.29 



1.45 

1.56 

1.36 



1.39 

— 


e. = 40.8" 
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lI.E. Data Reduction 

During each experimental run, the following measurements were 
recorded: 

(a) frees tream total temperature 

(b) freestream total pressure and total -to-static pressure difference 

(c) cylinder surface and segment temperatures and surface heat 
flux distributions 

(d) film coolant flowrate to the primary and secondary plenums 

(e) coolant pressure and temperature in the primary and secondar 7 
plenums 

(f) film coolant temperatures at the inlet to the primary film 
coolant holes (No. 4 through 8) 

These measurements were used to compute the film cooling performance 
parameters. 

The freestream total temperature and total -to-static pressure ratio 
were used to determine the freestream velocity (V ) and static temperature. 

flO |Q 

The Reynolds number was calculated based on the cylinder diameter. Fol- 
lowing convention in the gas turbine industry, a mean film temperature, 

T^ = (T^ + T^^ nom^'^^* determine the density and viscosity 

in the Reynolds number. The perfect gas law was used to compute the 
freestream density (p^ and other physical properties of the freestream 
(y, k, Y, Mol.Wt.) were determined from Ref. [7]. 

The local freestream velocity around the cylinder, V^, was computed 
from incompressible potential flow theory. The expression for a cylinder 
in an infinite freestream was corrected to account for tunnel blockage 
effects, yielding 


The tunnel blockage correction, C, calculated from incompressible poten 
tial flow theory (see [1]) had the values 

Degrees from Stagnation, “ 5.0® 22.9® 40.8® 

Correction Factor, C = 1.089 1.091 1.093 

Because of the low freestream Mach number (Ma = 0.03), incompressible 

00 jO 

freestream flow was assumed such that p V = p ^ V . 

00 go “»,0 • 


30 


ORIGINAL PAGE IS 
OF POOR QUALITY 


The surface heat flux for each gage was measured first with film 

II 

coolant flow (qrr)* immediately followed {allowing for thermal equilibrium) 

f V II 

by measurements of the heat flux without film coolant flow (q^). The 
Stanton number with film cooling and without (i.e. dry wall) were cwnputed 
as 



^l_fC 

QPVC^). (T. - T^)]pc 



11 



(T. - T«r]o 


Repetitive measurements, to ensure constant flow conditions, were made to 
obtain four values for Stp^ and St^. The average values for Stp^. and St^ 
were used to compute the Stanton Number Reduction 

SNR = 1 - 

^^0 


The Stanton Nuirt»er Reduction gives the fractional change in surface heat 
transfer due to film coolant flow. To ensure reproducibility , data are 
only reported for experiments in which the four measured values of Stp^ 
were within ± 5 % of the average, and the four measured values of St^ were 
within ± 3% of the average value. 

A nominal cylinder wall temperature, T^ was calculated as the 
average of the wall temperatures at the 47 thermocouple locations shown 
in Figure 10, 

The coolant mass flow rate supplied to the primary plenum was measured, 
along with the temperature and pressure of the coolant air in the primary 
plenum. The coolant temperature entering each of the five primary coolant 
holes in the drop-in segment was measured. These measurements provided 
for the calculation of the coolant blowing ratio (M) and dimensionless 
coolant temperature (e^). 
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For eacH of the primary coolant holes » the mass flow rate and coolant 
exit ten^erature were calculated by the method of Appendix aJ The 
coolant mass flux for each primary hole was calculated as the coolant 
mass flow rate divided by the coolant hole cross-sectional area. The 
blowing ratio (M) was calculated as the ratio of the average coolant mass 
flux for the five primary coolant holes to the local freestream mass flux 
(p V ). 

'*^00 oo' 

The value of the coolant dimensionless temperature (e..) was calculated 
from the freestream temperature, T^ the nominal wall temperature, 
and the average of the coolant exit temperatures for the five primary 
coolant holes, T^. Thus, 


c T ^T 
w,nom »,o 


The cool ant- to- freestream density ratio was determined by assigning Ideal 
gas behavior, equal coolant exit did freestream pressures, and using the 
average of the coolant exit temperatures for the five primary coolant 
holes (T^). Thus, 



The coolant-to-freestream velocity ratio (V /V ) and momentum flux ratio 

9 7 

(p V /p V ) were computed from the values of M and pjp. 

Q 00 ' C 


T 

The method used to calculate the mass flow rate and coolant exit 
temperature was based on a cont)1nat1on of t^e momentum equation and a 
convection correlation for temperature rise in the film coolant hole 
(Appendix B). 
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The raw data Indicate the following uncertainties In the film cooling 
parameters : 

Blowing ratio. H: ± 5X 

Dimensionless Coolant Temperature, e^: ± 6X 

Stanton Number Reduction, SNR: ± 0.05 In SNR (STR) units 

(and Stanton Nimter Ratio, STR) 
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III. PRELIMINARY EXPERIMENTS 
I I I. A. Introduction 

The experimental investigation reported herein was conducted to 
examine the effects of dimensionless coolant temperature on leading edge 
film cooling. The flow system used in the si^Ject experiment was Identl- 
to that used in the initial stu4y [1]. Preliminary experiments to 
qualify the test apparatus included profiles of freestneam velocity* 
temperature, and cold flow turbulence Intensity and test cylinder pressure 
and temperature distributions. These results were reported In [1] and 
were not repeated in the subject study- However, to ensure repeatability 
of the data, some preliminary experiments were conducted in this study 
to measure cylinder heat transfer with and without film cooling under 
conditions similar (i.e. e. - 1) to those used the previous study [!]• 
Additional preliminary experiments were performed to determine the hot 
flow freestream turbulence intensity and to define the hole-to-hole dis- 
tributions of coolant blowing ratio and dimensionless coolant temperature 
pertinent to the subject film cooling experiments with 0^. > l.U. 

III.B. Freestream Conditions 

In the initial study [1], freestream velocity, temperature and cold 
flow turbulence intensity profiles in the wind tunnel were reported. 
Results showed that the velocity profile was uniform within 3X of the 
centerline value, and the total ten^)erature profile was uniform within 
1 % of the centerline value in the region of the test cylinder. Under 
cold flow, with a clear wind tunnel (no turbulence screens), the turbulen: 
intensity in the region of the cylinder was 4.4X ± 0.3%. 

Measurements were made in the subject study to determine the center- 
line turbulence intensity in the clear wind tunnel (no turbulence screens) 
with hot flow. The results for hot flow, performed in a manner similar 
to the cold flow measurements [1] indicated a value for "apparent turbu- 
lence intensity" higher than the 4.4% found for cold flow turbulence 
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intensity. This was attributed to the hot wire probe response to both 
frcestream velocity and temperature fluctuations. 

Experiments were conducted to isolate the contributions of velocity 
and temperature fluctuations by (a) determining the anemometer sensitivity 
to velocity (V^ = 11.3, 14.6, 17.7 m/s) at constant freestream temperature 
(T^ = 501, 1 1®K) and (b) determining the anemometer sensitivity to tempera- 
ture (T^ = 467, 501, 534®K) at constant freestream velocity (V^»14.7,±0.2m/s). 
Unfortunately, due to scatter in the data, it was not possible to 
accurately isolate the probe sensitivities to velocity and temperature 
fluctuations. The results did show consistently that the ratio of velo- 
city fluctuation to temperatut^ fluctuation had a value 



An estimate of the turbulence intensity (due to velocity fluctuations) 
for the hot flow showed (a) a lower bound of 2.7 - 4. IX using the above 
ratio (1.75) to extract the temperature influence, and (b) an upper bound 
of 6.3 - 8. IX assuming the influence of temperature fluctuations is 
negligible.' These results show that the hot flow film cooling experiments 
in the subject study and the previous study [1] were exposed to a turbulent 
freestream rms velocity fluctuation at least of the order of 4X and a tur- 
bulent freestream con*)ined tins velocity and temperature fluctuation of 
approximately 6 to 8X. While the hydrodynamics of film cooling is expected 
to be primarily influenced by the freestream velocity fluctuations, the 
surface heat flux is most likely influenced by the combined velocity and 
temperature fluctuations. 

UJj C. Cylin d er Press u re Distribution 
Test cylinder surface static pressure measurements were reported in 
[1]. The measurements were made with solid segments installed in the test 
cylinder (no film coolant holes). It was found that the pressure distri- 
bution indicated a supercritical flow with boundary layer separation at 

' lor more details see Appendix C, reference [8]. 



r 

V: - 


35 

OF PtCr^ 


IS 


about 90* to 100* from stagnation. The cylinder pressure distribution 
was found to be unchanged when turbulence screens were inserted in the 
wind tunnel or when coolant holes were present in the cylinder surface 
[1]. Thus, for the present study, with a clear wind tunnel and coolant 
holes in the cylinder surface, there existed an orderly development of the 
boundary layer for the entire film cooled region (0 _< ^ 90*). 


III.D. Cylinder Temperature Distribution 


The temperature distribution of the surface of the test cylinder was 

measured with thermocouples embedded flush with the surface. To arrive 

at a nominal wall temperature, T , the indicated temperatures of the 

w jiiOtn 

47 thermocouples (see Figure 10) were averaged. At each streamwise row of 
temperature instrumentation, an average temperature also was calculated 
and denoted The streamwise variation of T^q^ is shown in Figure 

13 for a representative film cooling experiment (e^ = 5.0*, M = 2.03, 

)/ 

* r>K/fi ff f iiuiii 

T. 


L.D f • 111 UN Id CApCI IIIICIfU» UlIC IMOAIIIIUIII TU I UC I VI ' ' nOHl' 

was -2.5% (ie. - 7 ®k). The distribution of wall temperature 


w,nom 

(Figure 13) was similar for all experimental tests, with the maximum 


Tu, fiQual to -3.2% (ie. = -9 °k). 

w,nom' w,nom ^ ' ' 


value of (Tpoy 

In a given row ^at a particular angular location) the maximum-to- 
minimum variation in local temperature was typically 3°K to 5°K. The 
largest maxi mum- to-mini mum variation of temperature in a row of thermo- 
couples was found directly behind the coolant holes and was 17°K. 

In the first drop-in segment, the temperature was measured at four 
spanwise locations. Across the span of this segment, the temperature 
variation was small, typically 2 - 3”K. At the highest values of blowing 
ratio and 6^, the average temperature of this segment was 18*K lower than 
the nominal wall temperature. 

For the remaining four segments, the temperature was measured at one 
location per segment. The temperatures of these segments were usually 
7 - 9"K lower than the nominal wall temperature. The segment temperatures 
(Ts£ 6^ are plotted in Figure 13 for the representative case. 
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ure li. Distribution of Test Cylinder Surface Temperature 
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III.E. Spanwise Distribution of Coolant 
Blowing Ratio and Dimensionless 
Coolant Teimaerature 

Coolant blowing ratio (M) and dimensionless coolant tenq;>erature (e^) 
were based on average values for the five primary coolant holes. The 
spanwise (hole'-to-hole) variations of blowing ratio and dimensionless 
ten^rature were monitored tr rough the course of the subject study. 

The spanwise distribution of blowing ratio typically was uniform 
within ± 3.4% of the average value. The smallest variation seen was ± 0.9%, 
the largest was ± 8%. The ilstribution of dimensionless temperature typi- 
cally was uniform withir ± 2.8% of the mean. The smallest variation seen 
was ± 1.0%, and the largest was ± 6.9%. In general, the largest spanwise 
variations in M and ^ were seen with low values of blowing ratio. 


III.F. Heat Transfer Without Film Cooling 
In both the previous study [1] and the present study, cylinder sur- 
face heat transfer was measured without film cooling (referred to as "dry 
wall" heat transfer). The measurements of the present study served to 
verify the integrity of the heat flux gages and to establish the repeat- 
ability of dry wall heat transfer data in [Ij. 

The parameter used to describe dry wall surface heat transfer is 
Nu/jReJ , where Nu is the local Nusselt number (Nu = hO/k^) and ReJ is a 
freestream Reynolds number (ReQ=R„,o'^» conventionally used in 

literature on cylinder heat transfer, the properties viscosity and thermal 

* 

conductivity in Nu and Rer, are based on the mean film temperature, Tx, and 

* ^ 1 ' 
the density in Ren is based on freestream temperature T 

U r — j- *,0 

The value ofHu/^eQ for each heat flux gage was monitored throughout 
the present study. An average value of Hu/JrBq was calculated for each 
gage for a given angular location from stagnation. This average value 
was considered the property of a particular heat flux gage and angular 
location and was used as a basis of examining gage output repeatability. 

^ Film cooling experiments were performed with a value of Rep, based on 

film temperature, Ren = 9.0 x 10^. The corresponding value based 

^ * 4 

on freestream density is Re^ = 7.1 x 10 . 
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The results of the present stuc(y for the average value of Hu/J^e^ 

for each gage (and common angular location) were compared to the results 

of the previous study [1]. For the majority of the heat flux gages, the 

value of average Nu/^Re^ was within +20%, -0% of the value reported in 

[1] for the cor resp onding gage. Heat flux gages which indicated a value 

of average Nu/^e^ greater than +20% of the corresponding value in [1] 

were considered inoperational in the present study. 

The conjparison with the dry wall heat transfer results of [1] showed 

a group of heat flux gages which reproduced the results of [1]. These 

heat flux gages are listed in Table 1 showing the streamwise and spanwise 

locations of :he operational heat flux gages. Reference to Figure 10 

shows that the operational gages covered the cylinder surface from 

x/d„ = 1.50 to x/d = 11.50 downstream from Row 1. 

0 0 1 ^ 

The results of the present study for the average value of Nu/^e^ 

for each gage were used to quantify the repeatability of heat transfer 


measurements made during the course of the present study. For each gage, 
the average value of Nu/J^ for a given angular location was used to cal- 
culate normalized values, (Nu^J^)/(Nu/,y/^)^yg The range of repeat- 
ability for all operational heat flux gages and all dry wall heat transfer 
data over the course of the subject study is shown in Figure 14 in terms 
of the normalized value for NuA/Ren. The vertical bands encompass the 
range f»'om maximum to minimum values of normalized Nu/^ROj^ observed for 
a gage throughout the subject study. The resul ts s how that two-thirds 
of the heat flux gages indicated values of Nu/Jr^ within ± 15% of the 
average fo r that gage. Ninety five percent of the gages indicated values 
of Nu/>jRep within a 20% of the average for that gage. 


1 1 1. 6. Film Cooling with 0^ = 1.0 

Film cooling experiments in the first part of this investigation [1] 
were conducted us ing acoolant dimensionless temperature of 6^ = 1.0. As 
part of the process to qualify the performance of the test apparatus for 
the subject study, experiments were conducted with a coolant temperature 

Oj, - 1.0. 

lor these preliminary experiments, the test apparatus coolant supply 
system was restored to the configuration used in [1]. With reference to 


\ 
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Figure 14. Band of Normalized Drywall Heat Transfer 
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Figure 8, the nitrogen heat exchanger was removed from the flow path and 
the eleven coolant supply lines were routed to a common plenum in the 
methanol heat exchanger. However, the coolant supply lines (rubber vacuum 
tubing) in the present study were used instead of replacing with the vinyl 
tubing used in the previous study [1]. Experiments were conducted with a 
single row of film coolant holes located at 0^ =22.9® from the cylinder stag- 
nation line with the blowing ratio varied over the range 0.25 <^3.00. Re- 
sults are presented in the form of Stanton Number Reduction, SNR, as a func- 
tion of blowing ratio, M, for selected heat flux gages. The value of blowing 
ratio was taken as the blowing ratio of the film coolant hole directly up- 
stream of the particular heat flux gage which was necessary due to the varia- 
tion of blowing ratio that resulted from the differences inflow resistance in 
each of the installed rubber coolant supply lines. 

Results for SNR vs. M are presented in Figure 15 for heat flux gages 8 
and 10. These gages were selected because of similar locations on the cylin- 
der surface: x/d^=1.50, z/S = 0.33 (see Table 1 and Figure 10). The results 

obtained in the present study show good agreement when comparing the results 
for gage 8 to that for gage 10. Also, good agreement is obtained when com- 
paring results for the present study to those of the previous study [1]. 

Best agreement is seen for M ? 1.0. 

Similar conclusions are reached when examining the results for gages 12 
and 14 (x/d^=3.50, z/S = 0.33) as shown in Figure 16. Agreement between gages 
12 and 14 is good. Agreement with the results of [1] is good, with best 
agreement for M> 1.0. The discrepancy at M = 2.4 may be due to the possible 
unstable nature of the flow situation producing values of SNR <0.0 [1]. 

It was concluded that the experimental aparatus of the present study 
reproduced results obtained in the previous study [1]. The results of [1], 
for : 1.0, were used in comparison with the results of the present study, 
0^>1.O, to determine the influence of coolant dimensionless temperature 
(0^) on film cooling performance. 

Additional comparison of the heat flux gage reproducibility from the 
previous study [1] and the present are presented in Appendix F. 




Figure 15. Comparison of Stanton Number Reduction with Blowing Ratio (Gages 8 and 10) 
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Figure 16. Comparison of Stanton Number Reduction with Blowing Ratio (Gages 12 and 14) 
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IV. RESULTS 


IV. A. Introduction 

Film cooling experiments were conducted to examine the effects of 
dimensionless coolant temperature (6^) on film cooling performance. The 
results discussed in this chapter show that changing 6^ results In a 
change in the level of local surface heat flux md also a shift In the 
distribution of local surface heat flux. 

Experiments were conducted with blowing from a single row of coolant 
holes, with the row located at three angular locations relative to stag- 
nation, 6^ = 5.0**, 22.9**, 40.8**. These angular locations were selected 
to match those used in the previous study [1], where single and multiple 
row film cooling experiments were performed with : 1.0. The range of 
blowing ratio simulated in the present study (0.25 i M £ 10.23) reproduced 
the range reported in [1]. The present study extends the range of e^. to 
1.18 < 0^ < 1.56. 

The film cooling results are presented in terms of the Stanton Number 

Reduction, defined as r,. 

^^FC 

Stanton Number Reduction, SNR = 1 - . 

Positive values of SNR represent the fractional reduction in heat flux due 
to film cooling while negative values correspond to an increase in heat 
flux due to film cooling. The condition SNR » 1 corresponds to an adia- 
batic (locally) film cooled surface and SNR > 1 implies heat transfer from 
the film cooled surface. 

The value of e quoted for each experimental test condition was cal- 
culated from the .reestream temperature (T ^), the nominal wall temperature 
(Tw nom^’ average of the coolant t^pcratures for the five primary 

coolant holes (T^) in the instrumented region of the test cylinder. Thus, 

®r ' ^*.0 

T - T • 

w.nom »,o 
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The blowing ratio for each experimental test condition was calculated as 
the average value of the blowing ratio for each of the five primary coolant 
holes. 

The data from [1] for single row film cooling with e : 1.0 were used 
for direct comparison with the data of the present study for > 1. Data 
for 0 ^ : 1.0 at values of M not reported In [1] were (Stained by linear 
Interpolation from the tabular data In Appendix III, reference [1J. 

The results are presented to show the Influence of on the local 
level of SNR and on the calculated spanwise averaged Stanton Number Reduc- 
tion, SNR^yg. The data are Interpreted to illustrate the Influence or e^. 
on the apparent coolant jet location. Finally, the results are viewed In 
terms of the linear superposition model to quantify the Influence of 
on SNR. 


IV. B. Effect of Dimensionless Coolant Temperature 
on Stanton Number Reduction 


IV.B.l. Distribution of Stanton Number Reduction 

Selected results for the local distribution of SNR are presented in 
this section to illustrate the major trends shown by the data.^ The 
results for four combinations of injection location (e^) and blowing ratio 
(M) are discussed for the conditions shown below. 



5.0® 

22.9® 

22.9® 

40.8® 

M 

2.01 

1.23^ 

2.07 

1.14 

®c 

1.03 

1.02 

1.02 

1.04 

1.29 

1.30 

1.29 

1.40 

1.56 

1.36 


^ Appendix E contains a complete listing of all data in graphical and 
tabular form. 

2 

For the present study, M was held constant within ± 0.01 as e. was 
varied. The nominal value of M quoted is the average value. ^(See 
tabular data in Appendix E). 
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The data for e. : 1.0 were taken from the previous study t Appendix III, 

[1], with linear Interpolation with respect to H when necessary. 

Figures 17, 18 and 19 show the spanwise distribution of Stanton 
Number Reduction for the location ■ 5.0* at a blowing ratio of M-2.01. 
E.ch plot shows SNR (along the ordinate) as a function of spanwise location 
z/S (along the abscissa^). Symbols defined In the legend represent the 
data for the values of x/d^ and e^. The range of the abscissa, the span- 
wise distance from z/S * 0.0 to z/S 1.0, represents the spacing between 
the centers of two adjacent coolant holes (S/d^ - 5). The hash marks 
along the abscissa illustrate the break-out length of the coolant holes, 
extending to z/S > ± 0.24. 

The symbols representing data taken In the present study (for 
> 1.0) are connected with solid or dashed lines to suggest the profile 
shape and to facilitate reading of the plots. For the locations 
x/d^ = 6.50 and x/d^ = 8.50 (e.g. , Figure 18) dotted lines extend from 
the measured data points to z/S =0.0 and z/S = 1.0. The value of SNR 
at z/S = 0.0 (reflected to z/S = 1.0) for x/d^ * 6.50 and x/d^ - 8.50 
was calculated by linear interpolation of the data of Appendix E at 
z/S =0.0 between x/d^ = 3.50 and x/d^ * 11.50. 

Figures 17, 18 and 19 show the spanwise distribution of SNR at the 
location = 5.0®, for 1.50 <. x/d^ < 11.50, at a value of blowing ratio 
of M = 2.01. Figure 17 shows an increase in SNR at x/d^^ =1.50 when 
is increased from e^= 1.03 to e^. = 1.29. It is seen that behind the 
coolant hole, at x/d^ = 1.50, z/S = 0.0, with e^. * 1.03, the value of SNR 
was SNR =0.0 (no effect of the coolant), while increasing to e^. * 1.29 
provided a hei*t flux reduction of SNR = 0.45. At z/S * 0.33, x/d^ * 1.50 
(Figure 17), the value of SNR was increased from SNR * 0.23 with 
0 J. = 1.03 to SNR = 0.39 with = 1.29. 

The general pattern of increased SNR with Increased is seen at 
all streamwise locations (Figures 17, 18 and 19, 1.50 < x/d^ < 11.50) 
though the SNR levels diminish with downstream distance. 


T 


The value of ^NR at z/S =1.00 was taken to be the same as the value 
of 3NR at z/S = 0.0. 
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Figure 18. Spanwise Variation in Stanton Number Reduction 
(o.=5.0'’, M=2.01, x/dQ=6.50 and 8.50) 
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riqun 19. Spanwise Variation in Stanton Number Reduction 
{n.=b.0'\ M=2.01, x/dQ=ll.bO) 
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The value of SNR was unaffected by a change In at locations 
2 /S = 0.67 for x/d^ = 1.50 and ■ 3.50 (Figure 17) and at z/S*0.83, 
for x/dp * 6.50 and x/dg = 8.50 (Figure 18). It Is Inferred that the 
localized coolant jet did not Influence those soanwlse locations. Further 
discussion of the effects of 6^ on the distribution of SNR is found In 
Section IV. C. 

At 0 ^ * 22.9®, the plots of Figures 20 through 24 present the span- 
' 1 
wise distribution of SNR, for a value of blowing ratio M * 1.23. As 

seen In the legend for each plot, results are presented for three values 

of 0.: 0 = 1.02, 1.30 and 1.56. 

The effect of increasing the value of at = 22.9®, M = 1.23 
is to increase the levels of SNR. At all x/d^ locations, the maximum 
values of SNR with e_ = 1.30 or e = 1.56 are greater than the maxlminn 
values of SNR with 0^. = 1.02. Directly behind the coolant hole 
(x/d^ = 1.50, z/S = 0.0, Figure 20), the value of SNR with 0^ = 1.30 is 
a large positive number, where it is seen that the value of SNR with 
0 J. = 1.02 was a negative number. 

At the value of blowing ratio M = 1.23, film cooling with 0 ^ = 1.56 
provides large increases in SNR levels, with the maximum value of SNR for 
0J. = 1.56 at the downstream location x/d^ = 11.50 (Figure 24) nearly equal 
to the maximum value of SNR with e^. = 1.02 at the location x/d^ = 1.50. 

The results for a larger value of blowing ratio at 0^ = 22.9®, 

M = 2.07, are shown in Figures 25 through 29, where the distribution of 
SNR is shown at three values of 0^., 1.02, 1.29 and 1.36. Figures 25 
through 29 show that the result of film cooling with 0 = 1.02 at a blow- 
ing ratio of M = 2.07 was generally detrimental to the cooling of the 
surface, with significant negative values of SNR and low positive values 
of SNR found in the range 1.50 i x/d^ < 11.50. Results with a value of 
0^ of 1.29 show that the cooling level was improved, largely at x/d^* 1.50 
(Figure 25) but also at locations in the range 1.50 < x/d^ < 11.50. How- 
ever, significant negative values of SNR were still observed with 0j. = 1.29 
at locations x/d^ > 3.50. 

The value of SNR was unavailable at some locations (e.g. x/d = 1.50, 
z/S = 0.33 and 0.67, 0^ = 1.56) due to heat flux gage malfunction. 

See Appendix D. 
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Figure 20. Spanwise Variation in Stanton Number Reduction 
(6. =22. 9°, M=1.23, x/d^=1.50) 
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Figure 21. Spanwise Variation in Stanton Number Reduction 
(o.=22.9°, M=1.23, x/d^=3.50) 
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Figure 22. Spanwise Variation in Stanton Number Reduction 
(o.=22.9°, m=1.23, x/d^=6.50) 
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Figure 23. Spanwise Variation in Stanton Number Reducti 
(Oj=22.9', H=1,23, x/d|j=e.50) 
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Spanwise Variation in Stanton Number Reduction 
(u.=22.9°, M=1.23, x/dQ=n.50) 


Figure 24. 
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Figure 25. Spanwise Variation in Stanton Number Reduction 
(o,=22.9°, M=2.07, x/d„=1.50) 
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Figure 26. Spanwise Variation in Stanton Number Reduction 
(o,=22.9A M=2.07, x/d^=3.50) 
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Figure 27. Spanwise Variation in Stanton Number Reduction 
(e.=22.9°, M=2.07, x/d^=6.50) 
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With an increase In from 1.29 to ■ 1.36, a value of SNR 
greater than 1.0 was observed at x/d^ ■ 1.50, z/S - 0.33 (Figure 25). 
There was an overall Increase In SNR over the case with ■ 1.29, but 
large negative values of SNR remained In the range 3.50 <. x/d^ < 8.50. 

Results for • 40.8**, M > 1.14 are shown In Figures 30, 31 and 32. 
The plots for SNR vs. z/S and x/d^ present the data taken with 1.04 
and 0 ^ ' 1.40. As was the case with ■ 5.0" and ■ 22.9®, Increasing 
0 ^ caused an Increase In SNR In regions where the coolant apparently was 
localized. The value of SNR was greater than 1.0 at x/d^ > 1.50, 
z/S * 0.33, and the maximum level of SNR was increased downstream through 
x/dg - 11.50. 

To summarize, the local film cooling performance at all values of 
blowing ratio, dimensionless coolant ten^erature, and Injection location 
exhibits Increased values of SNR with an Increase In 0 ^ as would be ex- 
pected from the linear superposition model. As will be discussed In 
IV.C, the trends for the distribution of SNR with z/S or x/d^ suggest 
that the localized behavior of the coolant, I.e. the flow field, Is also 
dependent on the dimensionless coolant temperature. 

IV. B. 2. Results for Spanwise-averaqed Stanton Number Reduction 

In the application of film cooling data to turbine vane cooling 
d(>s1gns. It Is convenient to have film cooling performance averaged In 
the spanwise direction (I.e. average hole-to-hole). The results from 
the present study (Appendix E) were used to determine the spanwlse-aver- 
aged Stanton Number Reduction, SNR^yg. The value of SNR^yg for a parti cu 
lar x/d^ location was computed as follows: 

(a) a series of straight line segments were fit through the 
data points of SNR vs z/S for the range 0 < z/S < 1, 

(b) the value for SNR at z/S « 0 (when a heat flux gage was not 
located at that point) was obt^ilned by linear Interpolation 
(at z/S = 0) from values for SNR at x/d^ * 3.50 and 

x/d^ = 11.50, 

\c) the value of SNR at z/S » 1 was assumed equal to the value at 
z/S ' 0, and 
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Figure 30. Spanwise Variation in Stanton Number Reduction 
(e^.=40.8°, M=1.14, x/djj=l.50 and 3.50) 
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(d) the value of SNR^^q was obtained by integration under the 
straight line segment curve: 

SNRAyg = SNR d(z/S) 


A complete tabulation of the computed values of SNR^yg is given in 
Appendix E. 

The user of spanwise averaged data should note that averaging tends 
to smear out localized effects. A low value of SHR^yg could result from 
a profile with a large negative value of SNR compensated by a large posi- 
tive value of SNR. Or the value of SNR could be more uniform across the 
span with SNR^yg a good representation of the spanwise distribution of 
SNR. 


Figures 33 and 34 show the values of spanwise-averaged Stanton Number 
Reduction, SNR^yg, as a function of downstream distance for the four values 
of blowing ratio investigated with 0^ = 5.0®. The legend defines the 
corresponding values of e^. Both Figures 36 and 37 show that the 
level of SNR^yg increased with an increase in 6^. 

The effect on SNR^yg of increasing 8^. was largest at the location 
x/d^ = 1.50. The effect of diminished along the surface, with SNR^yg 
tending toward 0.0 as x/d^ approached x/d^ = 11.50. 

Figures 35 through 39 show results for SNR^yg for the five blowing 
conditions tested with an injection location = 22.9®. The legend of 
each plot defines the symbols representing values of e^. for the test 
conditions. 

At a blowing ratio of M = 0.25, Figure 35 shows that there was a 
slight effect on the levels of SNR^yg when 8^, was increased from 1.03 
to 1.18. At the downstream location x/d^ = 11.50, the level of SNR^yg 
approached zero. 

Figure 36 presents the data for SNR^yg at a blowing ratio of M=0.74. 
It is seen that increasing the value of 8^ to 1.45 resulted in an increase 
in SNR^yg for downstream locations x/d„ £ 8.50. Similar results for 


0 - 


M = 1.23 are shown in Figure 37. 

Figures 36 through 39 indicate that increasing the blowing ratio, for 
0 ^ = constant, generally caused SNR^yg to decrease and to become 
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Figure 34. Variation in Spanwise-averaged Stanton Number Reduction with Downstream 
Distance (e.=5.0°, M=5.17 and 10.23) 
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DOWNSTREAM DISTANCE (X/do) 

Figure 36. Variation in Spanwise-averaged Stanton Number Reduction with Downstream 
Distance (■3-=22.9°, M=0.74) 
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Figure 38, Variation in Spanwi se-averaged Stanton Number Reduction with Downstream 
Distance (e,=22.9°, M=2.07) 




Figure 39. Variation in Spanwise-averaged Stanton Number Reduction with Downstream 
Distance (5. =22. 9°, M=2.45) 
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increasingly negative. However, for any value of blowing ratio, the 
effect of increasing was to increase the level of SNR^yg. 

Figures 40, 41 and 42 show the results for SNR^yg at the five values 
of blowing ratio tested for injection at = 40.8®. The legend of each 

figure defines the values of M and e . 

Figure 40, the results for M = 0.51, shows that increased values of 
0J. bring about a general increase in the value of SNR^yQ. The largest 
increases are seen at x/d^ = 1.50 and x/d^^ = 3.50. Though values of 
SNRAyg decrease with distance downstream, the effect of increased re- 
mains as an increase in SHR^yg. 

Similar trends were found with values of blowing ratio M = 0.74, 

0.95 and 1.14 (Figures 41 and 42). Film cooling with : 1.0 at each 
of the blowing ratios resulted in negative values of SNR^yg, while the 
data for > 1.0 showed significant increases in SNR^yg. 

In summary, the results for injection at e^. = 40.8® follow the 
patterns extablished at 0^ = 5.0® and 22.9®. Film cooling with increased 
values of 0 ^ resulted in a general increase in the level of SNR^yg over 
the levels seen with 0^. : 1.0. The largest increase in SNR^yg with 0 ^ 
was observed at x/d^ = 1.50. 

A comparison of the results for SNR^yg for different injection loca- 
tions ( 0 ^), shows that as the injection location is moved further from 
the cylinder stagnation line, the change in SNR^yg with a change in 
also increased. 


IV. C. Effect of Dimensionless Coolant Temperature 
on the Distribution of Stanton Number Reduction 
The previous discussion described the effect of 0 ^ on the level of 
SNR. The data of Figures 17 through 32, showing local values of SNR, 
and Figures 33 through 42, showing SNR^yg, demonstrate that an increase 
in 0 resulted in an increase in the level of SNR. 

Equations (4) and (5), Chapter I, also show that a variation of 0^., 
while M and T /T,, are held constant, results in a variation of the 
coolant-to-freestream velocity and momentum flux ratios, V^/V^ and I. 
Consequently, it can be expected that e (through V /V and I) may have 
an influence on the fluid dynamic behavior of the coolant. For model 
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Figure 41. Variation in Spanwise-averaged Stanton Number Reduction with Downstream 
Distance (9-=40.8°, M=0.74 ard 0.95) 
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Figure 42. Variation in Spanwise-averaged Stanton Number Reduction with Downstream 
Distance (e.=40.S*’, M=1.14 and 1.58) 
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experih^nts wherein 0.93 < VT^ < 1.07 [ 5 ], large changes in 0 ^ (e.g. 1.0 
to 1.4) correspond to less than a ten percent change in V /V and I, and 
consequently, the effect on the flow field is probably insignificant. 
However, in the present study, where T /T ~ 1.7, an increase in 0_ from 
I.O to 1.3 corresponds to a 21% reduction in V^/l^and I. In this section, 
the results presented in Figures 17 through 32 (and those in Appendix E) 
are interpreted to demonstrate that changes in 0 ^. can result in a change 
in the fluid dynamic behavior of the coolant. 

A parameter SNRj^j^ is introduced to aid in the description of the 
surface heat transfer distribution. is defined as the maximum 

value of SNR measured at a given streamwise location, x/d^. The spanwise 
(z/S) location of the occurance of SNRj^j^j^ is used to define the approxi- 
mate location on the surface of the coolant jet. By reference to the 
local distributions of SNR vs z/S and x/d^ it is possible to determine 
the coordinates (z/S vs x/d^) of SNRjyy^j^ and thereby define the approximate 
trajectory of the coolant along the test surface. This technique was used 
to examine the influence of dimensionless coolant temperature ( 0 ^) on the 
trajectory of the coolant. 

Of the selected cases presented in sections IV.B.l, the data for 
= 40.8®, M = 1.14 (Figures 30 through 32) most clearly demonstrates 
the influence of on the SNR distribution ana the implied affect on 
coolant trajectory. Figure 30 shows that at x/d_ = 1.50, ' «« 0_ = 1.04, 

w w 

the maximum value of SiiR, SNR^^^, occurred at z/S = 0.67. With 0 ^. = 1.40, 
the location of is shifted to z/S = 0.33. At x/d^ = 3.50, a 

similar shift from z/S = 0.67 to 0.33 is indicated when was increased 
from 1.04 to 1.40. Figures 31 and 32 show a similar trend for the coolant 
trajectory (i.e. SNRj^^ coordinate) to shift toward z/S = 0 as 0^ was 
increased. ^ 

To illustrate the influence of 0 on the localized behavior of the 
coolant, the foregoing technique was used to construct plots of the 
coordinates (z/S vs x/d^) of SNRj^^^^. 

^ In instances where two adjacent measurement points indicated equal 
values for the maximum SNR (within the SNR data band, ± 0.05 units), 
the z/S location of SNRj^j. was taken as the midpoint between the two 
measurement points. 
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The results for = 5.0® are presented in Figure 43 showing, to 
scale, the coolant hole orientation, the z/S and coordinates, and 
the directions of coolant and freestream flow. The curves represent 
the coolant jet trajectory (inferred from coordinates) for each of 

the run conditions tested. 

The results for M = 2.01 shown in Figure 43 indicate a small effect 
on coolant trajectory as was increased from 1.03 to 1.29. For 
M = constant, the colder coolant (e = 1.29) was ejected with a lower 
velocity resulting in less movement in the spanwise direction when com- 
pared to the trajectory for e = 1.03. 

For increased values of the blowing ratio, the data of Appendix E 
for = 5.0® and M ^ 2.99 show no apparent shift in the location of 
SNRj^X shown in Figure 43. The trajectory of the coolant for M ^ 2.99 
was unaffected by a change in 6^, for the range of values of tested. 

Figures 44a and 44b show the c|i ‘r .imate coolant trajectories for 
0^ = 22.9®.^ From Figure 44a, it is seen that the coolant trajectory 
for M = 0.25, 0^ = 1.18, as inferred from the locations of SNRj^X* 
mained nearer the z/S = 0.0 location than did the coolant trajectory for 
M = 0.25, 0^ = 1.03. There was little spanwise movement of the colder 
coolant jet. 

The results for 0 ^ = 22.9®, M = 0.74, shown in Figure 44a, indicate 
that the coolant trajectory was relatively unaffected by increasing 
from 0^. = 1.02 to 0J. = 1.33, but there was an effect with = 1.45, 
with the colder coolant exhibiting less spanwise movement. Similar plots 
of coolant trajectory for M = 1.23, 2.07 and 2.45 are shown in Figures 
44a and 4^. There is a small reduction in spanwise movement of the 
coolant when 0 is increased from ~ 1.0 to = 1.30 and a much rare pro- 
nounced reduction for 0 ^ = 1.45 - 1.56. 

The results for injection at 0 ^ = 40.8® shown in Figure 45 exhibit 
similar trends. For the five values of blowing ratio shown, it is seen 
that increasing 0 ^ at constant M causes the coolant trajectory to shift 
toward z/S * 0.0. 

^ Figure 44b ^hows trajectories for M = 1.23 and M = 2.45. For clarity, 
two plots were used to present the trajectories for film cooling at 
0 ^ = 22.9®. 
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Figure 43. Coolant Jet Trajectory ( '^.=5.0°) 
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It is concluded from these interpretations that a change in can 
produce a change in the fluid dynamic behavior of the coolant jet in 
addition to the influence of on the surface heat flux level. 


IV. D. Effect of Dimensionless Coolant Temperature 
on Heat Transfer 

The experiments of the present study were conducted to examine the 
effects of dimensionless coolant temperature, e^, on film cooling per- 
formance. The experiments were performed with film cooling from a single 
row of coolant holes, with the row located at three injection locations, 

= 5.0®, 22.9® and 40.8®, relative to stagnation. 

The results presented in the previous sections have shown that in- 
creasing the value of e with a constant blowing ratio can have two effects 
(a) an increase in the Stanton Number Reduction (SNR), and (b) an altera- 
tion of the local SNR distribution (i.e. coolant trajectory). In some 
instances, the change in Stanton Number Reduction was relatively small 
(see Figures 17 through 19 for 0^ = 5.0®, M = 2.01) and the affect on 
coolant trajectory was insignificant (Figure 43). There were some cases 
where an increase in resulted in large differences in SNR and coolant 
position (see Figures 30 through 32, and Figure 45 for = 40.8®, 

M = 1.14). Because of this twofold influence of 6^,, it is difficult to 
quantify the effect of dimensionless coolant temperature on film cooling 
performance. The linear superposition model of Choe, Kays and Moffat 
[5] does suggest one approach to characterize the influence of on the 
heat transfer to the film cooled surface. 

The linear superposition model for an isothermal surface, constant 
property flow [5] shows that the film cooled surface heat flux (Stpj.) for 
an arbitrary coolant temperature (e ) is given by the linear relationship 


Stpc = StpQ^ 




e 


c2 “ ®cl 


(7) 


where Stp^.^ and StpQg correspond to the values of Stanton number with 
film cooling when using coolant dimensionless terr?)eratures e^-j and 0 ^ 2 * 
respectively. The Stanton number (Stp^) can be normalized with respect 



P/X 
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to the local Stanton number without film cooling (St^) giving 


^^FCl 




^c ‘ ^cl 
®c2 ■ ®cl 


( 8 ) 


The Stanton number Ratio (StpQ/St^) given by equation (8) is directly 
related to the Stanton Number Reduction (SNR) used to present the film 
cooling data of the present study. Noting that 

^^FC 

Stanton Number Reduction, SNR = 1 - -57— 
we can rewrite equation (8) as 


STR = STR^ + m {6^ " ®cl^ 


where 


( 9 ) 


STR 



1 - SNR 


m 


STR^ - STR^ 
®c2 ■ ®cl 


SNR^ - SNR2 
®c2 ■ ®cl 


The experimental data from the present study (values of SNR for selected 
values of e^) were used to calculate the value of the slope, m. The 
empirical values for m, when used in conjunction with equation ( 9 ), pro- 
vide a means for determining the influence of 0 on film cooled surface 
heat transfer. 

To determine the slope, m, from the experimental data of the present 
study, it was necessary to note that t'.e coolant jet trajectory can be 
changed by an increase in 0 . It was seen from the data that the region 
of the surface affected by the coolant jet was dependent on the value of 
0^ (see Figures 43 through 45 ). For this reason, two different approaches 
were adopted to correlate the effect of 0^ on the surface heat transfer. 
First, since engineering application of film cooling data frequently 
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deals with spanwise-averaged analysis, the effect of e on the surface 
heat transfer was based on the spanwise averaged data, SNR^^yQ. Values 
of the slope based on SNR^yg for a given M were calculated as 

5^'^AVG.I ‘ ^'^'^AVG.2 

m. = m m t ■ -. 1 . 


Second, because of the localized influence of the coolant, the effect of 
e on the surface heat flux was based on the spanwise maximum data, 
SNR|^X* Values of the slope based on SNRj^X ® given M were calcu- 
lated as 

"Wx e!,'- e;;' ’ 


The value for m^^x was determined using the spanwise maximum values 
SNRmax 1 3t 0 ^^ and SNRj^X 2 ®c2‘ should be noted that the span- 

wise location (z/S) for SNrJ^X 1 2 different due to the 

effect of 0 ^ on the coolant jet trajectory. 

Results of the calculations for m^yg using SNR^yg at 0^ = 5.0“ are 
shown in Figure 46 as a function of the downstream distance (x/d^). The 
ordinate scale was chosen to permit comparison with results for other in- 
jection locations. Symbols defined in the legend denote values of the 
blowing ratio studied and the lines represent the data band defining the 
range of most of the data points. 

From the data of Figure 46, it is seen that the values of m^yg were 
generally negative due to the increase in SNR^yg with an increase in 0 ^. 
The data show that the absolute value of m^yg decreased with downstream 
distance. Most of the data fell within the band, -0.8 < m^yg < -0.1, 
independent of the blowing ratio. 

The band of data shown in Figure 46 is approximately ± 0.2. This is 
not unreasonable when viewed in relation to an uncertainty in the change 
in STR^yg (a STR^yg = ± 0.05) ratioed to the change of e^. (ae^, = 0.25). 

A small data band is believed to be due to the similarity of the spanwise 
profiles for SNR data at 0 ^. = 1.0 and 0 ^ > 1.0. The alteration in pro- 
file shape with an increase in 0^, at 9^ = 5.0“ was small, and most 
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Figure 46. Variation in Slope (Based on STR^^g) with Downstream Distance (e^=5.0°) 
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measuring points seemed to experience a change In coolant temperature with 
little or no change in coolant jet trajectory. 

It should be remembered that use of the parameter m^yg, based on 
SNR^yg, Involves averaging the values of SNR across the span from hole to 
hole, and tends to smear out localized effects. To examine the influence 
of on local film cooling performance, the value of based on 
SNRjjy^X* calculated. 

Figure 47 shows the values calculated for using the results for 
0^- = 5.0°. The solid lines drawn represent the data band for m^^ ^g 
(Figure 46). Figure 47 shows that the effect of 6^ was largest at 
x/d^ = 1.50, and decreased with x/d^. The values of tn^^x 
same magnitude as the values of m^^yg (represented by the band), but 
the data for mj^x show more scatter. There was no significant trend with 
respect to blowing ratio. 

A more detailed examination of the effect of was obtained from the 
data taken at the injection location e^- = 22.9°. For M > 0.74 data were 
available for two values of > 1.0 in addition to the data for 
0J. : 1.0 from [1] (see Appendix E, Table A9). This enabled the calcula- 
tion of two values of m^^yg, m^y^x (designated as Regions 1 and 2) for 
each value of M. For example, with M = 0.74, data were available for 
= 1.02, 1.33, and 1.45. Region 1 defines the values of m^yg, n^x 
obtained for 0 ^ increasing from 1.02 to 1.33. Region 2 defines the 
values of m^yg, m^y^x "^or 6^. increasing from 1.33 to 1.45. 

The results for m^yg from the data for injection at e^- = 22.9° are 
shown in Figure 48. The open and filled symbols show the results for 
Regions 1 and 2, respectively. The solid lines were drawn to represent 
the bands of the data in Region 1 and Region 2, as labeled. The data in 
both regions show that the absolute value of m^yg was largest at x/d^'l.SO, 
and generally decreased with increasing x/d^. Downstream from x/a^ = 1.50, 
Region 1 allows m^^yg in the range -0.6 ^ m^yg ^ 0.0, similar to that for 
injt:tion at 0 ^. = 5.0°, while Region 2, shows the range of m^yg 
-1.6 5 ni^yg 5 -0.6. In both regions the results show no significant trend 
with respect to blowing ratio. 

Figure 49 shows the results for mjy^x injection at 0 ^ = 22.9°. 

The data bands for Region 1 and Region 2 from Figure 48 are reproduced 
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Figure 48. Variation in Slope (Based on STR^yg) with Downstream Distance (e^.=22.9®) 
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on Figure 49. The magnitudes of the slope based on SNR^yg and SNRj^j^ 
are comparable, but there is more scatter and less separation of the 
regions when SNR|^^ is used. 

The data for with injection at e. = 40.8® are shown in Figure 

50. The solid lines represent the band of the data. In the range 

1.50 < x/d^j < 8.50, the values of m^yg were con^arable to those found in 
Region 2, for = 22.9®. The large (unrealistic) values of m^yg at 
x/dg = 11.50 are attributed to the existence of negative values of SNR^yg 
for the data with 0^ = 1.0. 

The values for for injection at 0^- = 40.8® are shown in Figure 

51, along with the data band from Figure 50. As before, the data for 

m^j^ are more scattered than for A comparison of the values of 

'”avg three injection locations shows that the influence of 0^ was 

greatest for 0 ^ = 40.8®. 

In summary, the effect of dimensionless coolant temperature (e^) on 
the surface heat transfer is illustrated by the results obtained for m^yg 
and As expected, an increase in 0^. generally g'ves rise to a 

decrease in SR (m<0). The magnitude of the decrease in STR is dependent 
on the downstream location (x/d^) and the injection location (0^-)* The 
absolute value of m^yg increased as 0^ increased ana x/d^ decreased. The 
results for injection at 0^ = 22.9° (Region 1 vs Region 2) indicate that 
the influence of 0 ^ is not linear; that is, the value of m depends on the 
range of e^. While the values of m^yg and did vary some with respect 
to M, it was concluded that the blowing ratio had little influence on the 
slope when considering the data bands that resulted. 



DOWNSTREHM DISTANCE (X/do) 

Figure 50. Variation in Slope (Based on STR^wr) with Downstream 
Distance (9^.=40.8°) 
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figure 51. Variation in Slope (Based on STR^^' 
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V. CONCLUSIONS 

This investigation was conducted using the stagnation region of a 
cylinder in cross-flow to investigate the film cooling performance 
typical of a turbine vane leading edge. Experiments were conducted with 
film coolant injection from a single row of coolant holes angled in the 
spanwise direction with 3 = 25®. A freestream-to-wall temperature ratio 
of = 1.7 and a Reynolds number of Rep = 9 x 10^ were maintained 
throughout the investigation to sitmjlate the gas turbine environment. 

The test cylinder was instrunented with miniature heat flux gages 
and thermocouples to determine the Stanton Number Reduction with film 
cooling, SNR = 1 - (Stp^/St^). The data are presented in terms of SNR 
as a function of the distance downstream from injection (x/d^) and the 
location between adjacent coolant holes (z/S). The local values of SHR 
were integrated to determine the spanwise-averaged Stanton Number Reduc- 
tion, SNR^yg, as well. 

The objective of the present study was to examine the influence of 
diiijcns ionless coolant temperature, e_, on film cooling performance for 
single row injection. Data were taken with the row of coolant holes 
located at three injection locations, 0. = 5.0®, 22.9® and 40.8®, using 
a hole-to-hole spacing of S/d^ = 5. The results for 1.18 £ 0^ £ 1.56 
we.*e compared with those from the previous study [Ij where similar experi- 
ments were conducted with 0^. = 1.0. From analysis of the data, the 
following observations and conclusions were drawn concerning the effects 
of dimensionless coolant temperature on film cooling in the stagnation 
region. 

1) The data revealed that the effect of increasing the dimensionless 
coolant temperature, e^, was to increase the value of SNR in the spanwise 
region of the surface affected by the coolant. Typically, an increase in 
the local value of SNR of 0.25 to 0.50 units was observed near the row of 
holes as 0 ^ was increased from “1.0 to “1.3. 
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2) The spanwise averaged data demonstrated a similar Increase In 
SNRAyc as 8^ Increased, with a rapid decay of the effect with downstream 
distance (x/d^). 

3) An analysis of the heat transfer distribution (SNR vs z/S) was 
utilized to Identify the apparent trajectory of the coolant jet along the 
surface. The results showed that an Increase In could yield significant 
changes in coolant jet trajectory depending on the Injection location, the 
magnitude of and the blowing ratio. 

4) The data for SNR^yQ and SNRjjjaj^ were used in conjunction with the 

linear superposition model [5] to determine the change In surface heat 
transfer with respect to a change in e^,. The calculated results for the 
slope, m^yg { showed that the influence of e^. on the heat transfer 

increased as the injection location (e^) was varied from 5® to 40.8*. 
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Appendix A 

COOLANT MASS FLOW DISTRIBUTION 

Film coolant air was supplied to the five primary coolant holes In 
the instrumented region of the test cylinder, via the primary plenim, 
the nitrogen heat exchanger, and the five coolant delivery-supply lines 
(Figure 8). The distribution of coolant flowrate among the five lines 
was calculated from a model derived from the momentum equation, using 
measured values of the primary plenum pressure, temperature, and flowrate, 
and the measured tenperature of the coolant (T^ as It entered each 
tube In the drop-in segment (see Figures 11, 12, and Al). 

Variations In coolant flowrate from llne-to-line are coupled with 
variations In temperature change from line-to-line. Examination of the 
momentum equation for a given coolant delivery-supply line (1) shows the 
effect of temperature change on flowrate. 

The momentum equation for flow through line (1) Is 







(Al) 


where 

Fg = friction surface force on walls of tubing 
A = cross-sectional area 
P = static pressure 
m = mass flowrate 
V = velocity 

( )p = primary plenum condition at entrance to line 
( = coolant condition at exit of coolant hole. 

Assuming 

w . m 

''■55 
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then equation (A1) becomes 


■^s1 ^ ^pi " ^ci " *^1 


Pci 


'’pi *pi, 


Rearranging gives an expression for mass flowrate: 



^ci^ 


si 


Pci)/Ppi Pci %i 


1/2 


(A2) 


The ratio of the flowrate in a second line (j) to that in line (i) is 




The above equation shows that the coolant density (or temperature) 
achieved at the coolant hole exit, p has an effect on the mass flow 

W I 

rate, m^. Temperature differences between line (i) and line (j) are then 
coupled with flow rate differences between line (i) and line (j). 

The above equation can be reduced further by noting that: 

(2) all coolant lines have the same inlet condition, Pp^ = Ppj, 

Ppi "" Ppj ” Pp* 

(3) all coolant holes exhaust to a common injection location on the 
cylinder, P^^ = P^j, 

(4) an order of magnitude calculation for the friction contribution, 

based on = 1/2 pV AC^, shows that the value of is at least an 

order of magnitude lower than the value of (A P - A P«), and can 

P P ^ ^ 

be neglected. 


(1) all coolant lines have the same geometry, Ap^ = Apj and A^.^ 
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Thus, equation (A3) reduces to 
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Assuming ideal 


gas behavior, the density is given as 



By defining the parameter a as 


(A4) 


A„ A„ , 

/ Op ' s! r R = t 

C C p 


(A5) 


then equation (A4) for the ratio of mass flow rates becomes 






T 


' cj ' 


Cl 

Cj ^C 


1/2 


which is simplified to 


mi 


■(“Tci - Pp) 

- Pc) 


1/2 


(A6) 


The ratio of the total flowrate supplied to the primary plenum to the 
flowrate in tube (i) is 


"VOTAL 

ihi 


m. 


Z iii 

mi 

j=l 
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Therefore, the fraction of the total flowrate delivered through line (i) 
is given by 


%0TAL 



(A7) 


The model developed above was used to calculate the distribution of 
the mass flow rate for the five primary coolant delivery-supply lines 
using the following procedure. 

1. Measured values of primary plenum pressure and tenperature 
were used to calculate o. 

2. Measured values of the coolant temperature entering the 
tubes in the drop-in segment (T^ (see Figures 11, 12 
and Al) were used to calculate T^^. using the calibration 
of Appendix B for the coolant temperature rise in the hole. 

3. An iterative calculation was required. An initial guess 
for m^ was used to calculate T^.^. from the calibration of 
Appendix B. The value of m^ was then calculated from the 
momentum equation model herein. By iterating until con- 
vergence of m^ and T^^, the distribution of coolant flow- 
rate and temperature was obtained. 
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Appendix B 

TEMPERATURE RISE IN FILM COOLANT HOLE 

The present study was conducted to determine the effects of dimen* 
slonless coolant temperature (d^) on film cooling performance. The 
dimensionless coolant temperature at the exit of the coolant hole was 
calculated from the measured values of coolant flow rate, coolant hole 
wall temperature, and coolant temperature at the Inlet of each tiA)e In 
the drop*1n segment. This Appendix details the development of the corre- 
lation between these measured parameters and the coolant temperature at 
the exit from the hole. 

B.l. Model for Coolant Temperature Rise 
An illustration of a typical film coolant hole Is shown In Figure 
A1. The hole was drilled into a drop-in segment at an angle of B * 25**. 

A copper tube was inserted into the Inlet of the hole (a) to provide for 
the connection of the film coolant supply line, and (b) to support a 
thermocouple to measure the entering coolant temperature (T^^) (see 
Figures 7, 11 and 12). The screen at the tube Inlet was used to pronwte 
a uniform velocity profile. Two thermocouples (not shown, see Figures 
7 and 12) were installed to measure the coolant hole wall temperature. 

An energy balance for the differential control volume shown In 
Figure A1 yields 

" 'p ■ "x'’(Tw - V ('«) 

where 

m = coolant mass flow rate 

Cp = specific heat at constant pressure 

Tjj * coolant bulk temperature 
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J 


P ■ perimeter of hole, irD 
Assuning a constant coolant hole wall temperature, equation (A8) can be 
rearranged to 


"(Tb - T«) 


m Cn 


dx 


(A9) 


Equation (A9) can be Integrated with the limits 

X = 0 “ ^b1 temperature measured) 

X = L = Tjjq (coolant temperature at hole exit) 

Assuming D and c^ are constant gives 


In 


(T 


bo 


■ V 


0 


b1 




m Cr 


(AlO) 


’P 0 

Equation (AlO) is put in conventional form by defining an average 
heat transfer coefficient for the hole 

L 

0 


then 


In 


Tw> 


Li^bi - \'> 


irOLh 


m 


ill c. 


(All) 


Equation (All) is transfomed to dimensionless form by defining 
(Tbo ■ Tu) 


»m = 




Re 


4m 




h„ D 

ai m 
NUm = -T— 
m k 


1 


0 = dQ = coolant hole diamter 
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Then 


irDh„L 4Nu„L 
!IL - m 

\ ‘ ill Cp ” ‘ RePrO 


and 


e 


m 



where 


+ 

X 


= -HP- 

RePr 


(A12) 


Equation (A12) can be rewritten to enabl‘d the calculation of the 
coolant temperature rise in the coolant hole (T|^q - Tb1> using an 
empirical correlation for Nu^jj. Thus, 

= 1 - (A13) 

^'w ■ 'bi' 


Two correlations for flow in the entrance region of a tiAe are recom- 
mended by Holman [9]. For laminar flow in the entrance region, the corre- 
lation by Hausen [9] is 


M - ... 4. 3.0668 

Nu - 3.66 j. , + 1 /'? 

^ X + 0.04 (x 


(A14) 


For turbulent flow in the entrance region, the correlation by Nusselt [9] i 

= 0.036 Re°’® Pr^^^ (D/L)°’°^^ for 10 < ^< 400 
or 


Nu Pr-0-« 

m /+\0.8 




(X )' 


0.745 


(A15) 


Table A1 shows e comparison of the values for Nu^ computed from equations 
(A14) and (A15) i..d the corresponding coolant temperature rise from equa- 
tion (A13). For the present study, Pr = 0.7 and L/D = 9.23. 
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Table Al. Estimation of Nu^ and 
In the Coolant Hole 


Laminar 
(Hausen [9]} 


Turbulent 
(Nusselt [9]) 


(\o ■ Tbi) 


'w ■ 'b 1 


0.002 


13.15 


0.100 


0.005 


0.170 


0.372 


0.543 


Pr - 0.7. L/D ■ 9.23 
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Because of the uncertainty of the correlation for Ni^ to be used 
In equation (A13)» experiments were conducted to determine a correlation 
for NU|^ vs for the coolant hole geometry used In the present study* 


B»2. Experimental Apparatus 

One of the drop-in segments was removed from the test cylinder and 
arranged In a configuration where velocity and temperature profiles could 
be measured at the coolant hole exit. The experimental apparatus Is 
Illustrated In Figure A2. The drop-in se^nent was supported by a mounting 
Jig. Electrical heater plates were clamped to either s1(te of the segment 
to maintain the wall temperature approximately constant. High conductivity 
thermal paste was applied between the heater strips and the segment. The 
copper tube fixture was Inserted Into the film coolant hole to support a 
vinyl coolant supply line and an Inlet thermocouple. Two thermocouples 
were embedded to measure the segment wall temperature. Air flow was 
supplied to the film coolant hole and the air flow rate was measured with 
a hot- film mass flow meter. The film coolant flowed through a circular 
tube of length, L/0 « 9.23, from the Inlet thermocouple to the center of 
the coolant hole exit plane. The length from the screen to the center of 
the exit plane was L/D ■ 12.32. 

A copper wedge, drilled with a coolant hole Identical to the sequent, 
was mounted over r.he coolant hole, and was sealed to the segment with RTV 
compound. The drilled wedge was installed to permit the velocity and 
temperature profile ineasurements In the coolant hole exit plane without 
Influence from the free Jet expansion of the coolant Into roan air. 

Tenperature and velocity traverses in the coolant hole exit plane 
were obtained using two separate probes. The temperature probe was con- 
structed from a length of rloid 1.59mm o.d. tube. A copper- cons tan tan 
thermocouple ran through tne length of the tube. A bare length (5.1mm, 

~20 wire dia.) of thermocouple lead extended from the tube to the sensing 
bead. ^ 


An analysis of the temperature measurement error was performed [8] 
(Appendix B) using a one-dimensional model with the following values: 
d^^^g»0.25mm, d. g^d*®-43nm. l^^^-5.1mm, k^^^-398W/mK, 

hbead“29-74 M/m^K, T^-367K. The worst error. (Tjjgad"^b1^^^b1 • 
than 0.5% at the lowest coolant flow rate. 



omental ftpparatus 
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The velocity probe was constructed from hypodermic tiding 
(0.51mm i.d. , 0.94mm o.d.). The velocity probe was used to measure 
the total pressure profile in the coolant hole exit plane using an 
inclined manometer with vernier scale (resolution = 0.025nin deflection). 

The location of either probe in the coolant hole exit plane was 
measured with the use of dial indicators attache j to the probe traversing 
mechanism (resolution = 0.013mm). 

The static pressure was measured by a wall cap (0.46mm dia.) drilled 
in the wedge at a location 1.59mm downstream from the coolant hole exit 
plane. 


B.3. Description of Experiment 

The flow conditions used in the coolant hole calibration were chosen 
to simulate conditions encountered during the film cooling experiments. 

For the film cooling experiments, the coolant mass flow rate through one 
hole, for film cooling, was in the range 0.137 <. m £ 1.37 Kg/hr. The 
segment wall temperature had a nominal value of 294K and the coolant in- 
let temperature fell in the range 155 ^ Tuj ^ 300K. This combination of 

+1 

temperature and flowrate extremes results in a range for x of 
-3 + -2 

1.7 x 10 < X < 2.3 X 10 . The range of inlet temperature difference 

(Tw - T|j^) was -6 < AT < 140K®. 

For the coolant hole calibration, an inlet temperature difference 
was created by heating the segment to a wall temperature of about 360K. 

The resulting inlet temperature difference was in the range 40<(T^-Tjj^-)<55K® 
By varying the coolant flow rate, the range of x^ investigated in the cali- 
bration was 2.4 X 10”^ < x^ < 2.3 x 10’^. 

For a given calibration experiment, the coolant mass flow rate and 
electrical power to the heater plates were adjusted to give the desired 
values of x^ and inlet temperature difference. The temperature and velo- 
city profiles in the coolant hole exit plane were measured to evaluate 


The properties in x^ were based on an inlet film temperature, 
Tfi = (Tbi + TJ/2. 
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Figure A3 Illustrates the typical grid used for measuring the 
coolant temperature and velocity in the coolant hole exit plane. Prior 
to probe insertion, the alignment of the probe traversing mechanism was 
checked with a dial indicator to ensure traversing in the x-z plane. 

The temperature probe was inserted to locate the probe tip at the center 
of the coolant hole exit plane. The probe was traversed along lines of 
constant x, in increments of approximately 1.02mm. Probe movement in 
the z-direction was halted when the probe bo4y contacted the wedge, as 
determined by electrical continuity between the probe body and the wedge. 

When the temperature traverse was completed, the flow conditions 
were maintained constant and the total pressure probe was inserted and 
located at the center of the coolant hole exit p’lane. The total pressure 
was measured at selected grid points as shown in Figure A3. 

After completing the total pressure traverse, the total pressure 
probe was placed at the center of the coolant hole and the wall static 
pressure at the exit of the coolant hole was measured. 

B.4. Bulk Temperature Evaluation 

The bulk tenperature is defined to represent the energy convected 
through a given area. 

- /^PCpT(V.dS) 

Assuming the variation of specific heat is negligible, the expression for 
bulk temperature at the coolant hole exit plane can be written as 

Tho = ^ / pT(Vsin3dA) (A16) 

where V • dA = VdAcos(it/2-3) = VdAsin 3 

dA = element of area in tho .'oolant hole exit plane 
3 = angle between hole centerline and segment surface 
The integration is performed over the coolant hole exit plane area where 
temperature, velocity and density are functions of x and z. 


no 
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Figure A3. Typical Temperature and Velocity Measurement Points, with Relative Sizes of Probes 


Equation (A16) can be put in dimensionless form by defining 


d 



then 



-I j[pV[T„-9(T,-T,.)].1nedA 


Rearranging the above gives 


- Tfco) = I PV6(T^ - T^,)sinedA 


Then noting 


= = =-^ ; m = r pV sinsdA 

“ ‘k4 » 

A 


m 


we obtain 




w ‘bi 


J pVedA 

Ja 

pVdA 


(A17) 


Assuming ideal gas behavior for the air and a uniform static pressure in 
the coolant hole exit plane, equation (A17) becomes 



(A18) 


The measurements of temperature and velocity in the coolant hole exit 
plane were used in conjunction with equation {A18) to determine by 
numerical integration. 
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B.5. Data Reduction 


For each calibration experiment, the following data were recorded. 

(1) coolant mass flow rate, m, (uncertainty ± 5%), 

(2) coolant Inlet temperature, T|^^, and coolant hole wall teitqpera> 
ture, (average of two wall thermocouples). 

(3) coolant temperature distribution. T(x,z), (see Figure A3), 

(4) coolant total pressure distribution, Pj(x,z) - (see 

Figure A3), 

(5) coolant static pressure, P^ - (total pressure probe 
centered) and atmospheric pressure. 

At each location of temperature measurement, the value of dimension- 
less temperature (e) was calculated as 


e(x.z) 


[T(x.z) - y 

‘Tbl - TJ 


At the wall, the value of e(x,z) was set equal to zero. 

The velocity was calculated, assuming Incompressible flow, as 

V(x,z) = ^2[Pj(x,z) - P 5 J/p(x,z). 


where 


" RY(x.z) 

To account for small variations of Tj^^ and T^ during the course of an 
experiment, the temperature, T(x,z), was determined using the value of 
e(x,z) from the temperature profile measurements and the values of Tj^^ 
and T^ observed during the total pressure survey. At velocity measure- 
ment locations which did not coincide with temperature locations (see 
Figure A3), e was determined by Interpolation using a second order poly- 
nomial. 
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The dimensionless bulk temperature at the coolant hole exit plane 


was determined from equation (A18). 


IJ rfel} “* 


'm 


(A18) 


/ / ffe!} 


The Integrals were evaluated numerically using a second order polynomial 
fit to the data. 

The average Nusselt number was calculated from equation (A12) 


-In e, 




m 


4 X 


(A19) 


where x^ was based on the measured coolant mass flow rate with fluid 
properties based on the inlet film temperature, T^^ = {Tj^^ + T^)/2. 

The velocity profile also was used to calculate the coolant mass 
flow rate according to 


m 


calc 


= sine 


'if 


V 

T 


dx dz 


(A20) 


The integration was performed numerically using a second order polynomial 
fit of the data. 


B.6. Results 


The calibration for temperature rise In the coolant hole was per- 

+ -3 -3 

formed for four flow conditions: x = 2.40 x 10 , 3.30 x 10 , 

6.28 x 10*"^ and 2.27 x 10*^. This section presents the temperature and 

velocity profiles for each flow condition and the resulting data for 

Nusselt number vs. x^. 

Figures A4 through All present plots of the dimensionless temperature 
and velocity for the four flow conditions. The abscissa for each Is the 
nondimensional z coordinate, z/B, normalized with respect to half the 
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Figure A4- Profile of Coolant Hole Exit Dimensionless 
Temperature (x'’’=2. 27x10"^) 
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Figure A5. Profile of Coolant Hole Exit Dimensionless 
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Z COORDINATE (Z/B) 


Figure A6. Profile of Coolant Hole Exit Dimensionless 
Temperature {x‘‘‘*3. 30xl0"3) 
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Figure A9. Profile of Coolant Hole Exit Velocity {x'*^=6. 28x10“^) 
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length of the major axis (see Figure A3). Symbols, defined In the legend 
represent the non dimensional x coordinate, x/A, (A » half the length of 
minor axis. Figure A3) for a traverse at constant x. 

The plots for dimensionless temperature (Figures A4 through A7) show 
that the value of 8 increases as x^ decreases, indicating that the temper- 
ature at the hole exit tends toward the inlet temperature (T^^) as mass 
flow rate increases. The profiles generally are skewed with the point of 
maximum e (minimum coolant temperature) usually found when z > 0. 

Figures A8 through All show similar results for the velocity measure- 
ments. The profiles are relatively flat for the two larger values of x* 
(smaller coolant flow rate). The velocity profiles are somewhat skewed 
toward z > 0. 

The skewing of the temperature and velocity profiles may be attri- 
buted to the shallow angle of the coolant hole. Reference to Figure Al, 
for a coolant hole at g = 25®, indicates a centerline "'ength of L/D=12.32 
from the screen, L/D = 9.23 from the inlet thermocouple. The surface 
length along the bottom of the hole, x/A = 0, z/B = +1, is L/D = 13.37 
from the screen, while the surface length along the top of the hole, 
x/A = 0, z/B = -1, is L/D = 11.2/ from the screen. An additional influ- 
ence on the profiles may be the presence of the inlet temperature thermo- 
couple which protrudes from the lower surface, halfway into the flow 
stream. 


The velocity profile data were integrated (equation (A20)) for each 


flow condition, to determine 
indicated by the flowmeter. 



for comparison with the mass flow rate 


Figure A12 shows the percent error in the 


calculated mass flow rate, (i\^yg - \alc^^'^true* flowmeter 

reading as the true flow rate. It is seen that the integrated results 


agreed within ± 201t of the flowmeter flow rate. An analysis to determine 


the effect of velocity profile on the integrated value of the bulk dimen- 
sionless temperature [8] Appendix B, showed that an error in the shape of 


the velocity profile would cause a maximum uncertainty in of about 
for 2.4 X 10'^ 5 x^ 5 6.3 x 10”^ and an uncertainty of about ±16* 
in for x near 2.3 x 10 (low flow rate). 

The final results of the calibration experiments are shown in Figure 
A13. The Nusselt number was calculated from equation (A19) after integrating 
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Figure A12. Error in Integrated Mass Flow Rate 
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the profile data for Also shown on Figure A13 are two curves repre- 
senting the correlations of Nusselt and Hausen. There is good agreement 
between the data of the present stu<j|y and the curve for turbulent flow 
in the range ^ 0.007 (Re - 1900). The data are higher than the corre- 
lation for laminar flow which may be due to the presence of the screen at 
the inlet to the coolant hole. 

Figure A13 indicates the estimated uncertainty in the value of mean 
Nusselt number. Using the method of Kline and McClintock [10] « the un- 
certainty in was determined to be ± 6%, due mostly to the uncertainty 
in the flowmeter calibration. Using this estimate for uncertainty in x'*’, 
and the previously mentioned uncertainty in 8_ due to profile errors, the 
estimated uncertainty in Nu^jj is about ± 10* for x s 6.3 x 10” and about 
±17% for x^ ? 6.3 X lO”^. 

A second order least squares curve fit to the data for mean Nusselt 
number versus bulk dimensionless temperature yielded the following equation 

. (0.686 + O.SOaiogx"^) 

Nu^ = 14.85 X (A21) 

For the film cooling experiments, the coolant exit temperature (T^.) 
was determined by equation (A13) (T^ using equation (A21) for 

NUj^, the measured values of Tj^^ and T^, and the coolant hole mass flow 
rate determined as described in Appendix A. 
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Figure A13. Correlation of Heat Transfer in Film Coolant Hole 
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Appendix C 
SURFACE ROUGHNESS 

The Instrumented test cylinder was equipped with drop-in segments. 
Measurements were made of the surface roughness created by the segments, 
and the effect of roughness was evaluated in terms of findings in the 
literature on the effects of roughness on cylinder surface heat transfer 
(see [1] for more details). 

The roughness at the seam between the cylinder surface and the seg- 
ment was measured by rotating the cylinder past a dial indicator (Sym 
resolution). The roughness was measured along all seams with the resulting 
step-changes in surface height shown on Figure A14. 

Figure A14 shows, to scale, a schematic of the five drop-in segments 
(S1-S5), with ticmarks along both seams of each segment representing the 
locations along the segment at which the step-change in height was 
measured. The measuring point locations are shown relative to the side 
walls of the flow channel and relative to the heat flux gage locations. 
Numerical values for roughness are given in microns, with a positive 
sign denoting a step increase in height between the cylinder surface and 
the segment, and a minus sign denoting a step decrease in height between 
the cylinder surface and the segment. 

The measurements show that the largest roughness measured was 
K = -228ym, or, nondimensionalized, K/D = 15.0 x 10"^ (D = cylinder 
diameter). This was located at the end of Segment 2, far from the in- 
strumented region of the cylinder. Considering the instrumented region, 
the largest roughness measured was K = 126ym, K/D = 8.3 x lO"^ (along 
the second and third segments). 

The effect of roughness on cylinder heat transfer was studied by 
Achenbach [11], where roughness was created by attaching emery paper to 

a test cylinder surface. When tested with a Reynolds number of 

* 4 -4 

Rep = 8.3 X 10 , and a sand-grain roughness of K^/D = 7.5 x 10 , the 

heat transfer around the cylinder, compared to that of a smooth cylinder, 

PRECEDING PAGE BLANK NOT FILMEET 
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Figure A14. Measurements of Test Cylinder Surface Roughnes 
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was unaffected by the roughness. The heat transfer around the cylinder 

.4 

was unaffected by a four- fold increase In roughness, K./D ■ 30 x 10 , 

★ 4 * 

at the Reynolds number Rep * 6.3 x 10 . 

It was concluded from Achenbach's results that the heat flux data 

It 4 

of the present stuc|y, conducted under conditions of Re^ - 7.1 x 10 
K/D £ 8.3 X 10“^, were unaffected by surface roughness. 
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Appendix D 

ADDITIONAL COMMENTS ON HEAT FLUX GAGE BEHAVIOR 

Throughout the present study, the reproducibility of the heat flux 
gage output was carefully monitered because of the Increase In Indicated 
dry wall heat flux by some gages between the previous study [1] and the 
present. 

«It has been mentioned previously (Section III.F.) that some heat 
flux gages were disqualified on the basis of an Increase In Nu/^ ReJ of 
greater than 20 % over the results of [1]. These gages were disqualified 
throughout the present study* The data from other gages, however, were 
occasionally disregarded when their output was seen to be erratic. 

In cases where heat flux gage output was disregarded. It was due to 
large variations in the four readings obtained at a given condition (see 
Section lI.E.). When Inspected after finding a given gage had produced 
an erratic reading, the physical reason for gage malfunction could be seen. 
For an erratic gage. It was found that a residue had deposited over the 
heat flux gage surface. The residue was believed to be caused by the 
oxidation of the beryl Hum- copper surface. 

The fact that the residue appeared during runs In this study and 
not In the previous study [IJ Is likely caused by a difference In run 
technique. Between blowing ratio conditions In this study, the hot 
freestream gas flow was shut off while the liquid nitrogen heat exchanger 
reached a new steady heat transfer condition. In the meantime, condensate 
developed on the test surface. It Is believed that the combination of the 
condensate and possible oxidation caused a residue to develop on the gage 
after the combustor was restarted and the condensate evaporated. In the 
previous study [1], experiments were run from start to finish In the 
presence of the hot freestream gas flow without the opportunity for con- 
densate to form. 

In the present study, when a gage was observed to indicate errati- 
cally, the output from that gage was consistently erratic throughout the 
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remainder of that test, and thus was discarded. After the test, when 
the cylinder surface was routinely cleaned, the residue was removed and 
the gage was returned to normal operation. 

A list of gages and the conditions under which their output was dis 
carded is contained in Table A2. 


Table A2. List of Conditions Under Which 
Specified Gage Was Erratic 
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Appendix E 

TABULATION AND PLOTS OF EXPERIMENTAL DATA 

Tables A3 through A5 summarize the data of the present investigation 
for film cooling with 0^ > 1.0. Tabular entries give the value of SNR 
at the streamwise (x/d^) and spanwise (z/S) coordinate for each heat flux 
gage. The value} of blowing ratio M, was calculated as the average value 
of the blowing ratios for the five primary coolant holes. The value of 
0 ^, was calculated as the average of the values of 0^ for the five primary 
coolant holes. 

Table A6 lists the spanwise- averaged Stanton Number Reduction. 
and the corresponding streanwise location of the row of gages. 

A dash (-) in the table means no data was available at that condition 
(see Appendix D). 

Figures A15 through A50 are plots of the dat:^ in Tables A3, A4 and 
A5. Plots that are presented in Chapter IV (Figures 17 through 32) are 
not repeated here. The plots illustrate the spanwise distribution of 
SNR. The plots and the data were used to calculate values of SNk^yQ and 
the coolant trajectories as discussed in Chapter IV. All plots of SNRy^yg 
are presented in Chapter IV (Figures 33 throug^. 42). 
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Table A5. Stanton Number Reduction for Ox = 40.8 
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Table A6. Spanwise Averaged Stanton Number Reduction 
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STANTON NUMBER REDUCTION 'SNR' 
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INJECTION LQCRTION = 5.0 DEG. 



SPfiNWISE LOCATION (Z/S) 


Figure A16. Spanwise Variation in Stanton Number Reduction 
(0.=5.O“, M=2.99, x/d^=6.50 and 8.50) 
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SPflNWISE LOCRTION (Z/S) 

Figure A17. Spanwise Variation in Stanton Number Reduction 
(e.=5.0°, M=2.99, x/dQ=11.50) 
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INJECTION LOCATION = 5.0 DEG. 



SPflNWISE LOCflTKDN (Z/S) 


Figure A18. Spanwise Variation in Stanton Number Reduction 
(e.=5.0% M=5.17, x/dQ=1.50 and 3.50) 
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Figure A19. Spanwise Variation in Stanton Number Reduction 
(o.=5.0°, M=5.17, x/c1q=6.50 and 8.50) 
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Figure A20. Spanwise Variation in Stanton Number Reduction 
(e.=5.0% M=5.17, x/dQ=11.50) 
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Figure A21. Spanwise Variation in Stanton Number Reduction 
(e.=5.0% M=10.23, x/dQ=1.50 and 3.50) 
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Figure A22. Spanwise Variation in Stanton Number Reduction 
{e.=5.0% M=10.23, x/dQ“6.50 and 8.50) 
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Figure A23. Spanwise Variation in Stanton Number Reduction 
(e.=5.0®, M=10.23, x/d^'lLSO) 
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Spanwise Variation in Stanton Number Reduction 
(e. 22.9% M»0.25, x/d^«1.50 and 3.50) 


Figure A24. 
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I iyurp Ai?b. Spanwise Variation in Stanton Number Reduction 
(0.--22.9", M=0.2b, x/d^-6.50 and 8.50) 




149 




INJECTION LOCATION = 22.9 DEG. 
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SPRNWISE LOCRTIQN (Z/S) 


Figure A26. Spanwise Variation in Stanton Number Reduction 
(0.=22.9°, M=0.25, x/dQ=11.50) 
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Figure A27. Spanwise Variation in Stanton Number Reduction 
(0.=22.9°, M=0.74, x/dQ=1.50) 
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Figure A28. Spanwise Variation in Stanton Number Reduction 
(0.=22.9°, M=0.74, x/dQ=3.50) 
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SPflNWISE LOCATION (Z/S) 

Figure A29. Spanwise Variation in Stanton Number Reduction 
(0.=22.9°, M=0.74, x/djj=6.50) 
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Figure A30. Spanwise Variation 1 " Stanton Number Reduction 
^ (6^=22. 9% M=0.74, x/(1q=8.50) 
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Figure A33. 


Spanwise Variation in 
(o.=22.9% M=2.45. 
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ORIGHNAL PAGE 13 

OP POOR QUALITY 



SPflNWISE LOCATION (Z/S) 

Figure A35. Spanwise Variation in Stanton Number Reduction 
(0^=22. 9% M=2.45, x/dQ=8.50) 
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Figure A36. Spanwise Variation In Stanton Number Reduction 
(0^=22. 9°, M=2.45, x/dQ=11.50) 
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INJECTION LOCATION = 40.8 DEG. 
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Fi H ■ A37. Spanwise Variation in Stanton Number Reduction 

(e.=40.8‘; M=0.51, x/djj=1.50) 
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Figure A40. Spanwise Variation in Stanton Number Reduction 
(e^.=40.8% M=0.51, x/dQ=8.50) 
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INJECTION LOCRTION = 40.8 DEG. 



SPRNNISE LOCRTION (Z/S) 


Figure A41. Spanwise Variation in Stanton Number Reduction 
(0.=4O.8°, M=0.51, x/dQ=11.50) 
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SPRNWISE LOCATION (Z/S) 

Figure A42. Spanwise Variation in Stanton Number Reduction 
(e^=40.8% M=0.74, x/dQ=1.50 and 3.50) 
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Figure A43. Spanwise Variation in Stanton Number Reduction 
(0.=4O.8°, M=0.74, x/d^=6.50 and 8.50) 
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Figure A44. Spanwise Variation in Stanton Number Reduction 
(e.=40.8% M=0.74, x/d =11.50) 
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OF POOR QUMuilf 



SPRNWISE LOCATION (Z/S) 

Figure A45. Spanwise Variation in Stanton Number Reduction 
(0^=40. 8®, M=0.95, x/dQ=1.50 and 3.50) 
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OF POOR QUALITY 



Figure A47. Spanwise Variation in Stanton Number Reduction 
(0.=4G.8°, M=0.95, x/d^=11.50) 
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INJECTION LOCATION = 40.8 DEG. 



Figure A48. Spanwise Variation in Stanton Number Reduction 
(e.=40.8% M=1.58, x/d^j=1.50 and 3.50) 
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Figure ^49. Spanwise Variatioii in Stanton Number Reduction 
(o.=40.8°, M=1.58, x/dp=6.50 and 8.50) 
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Figure A50. Spanwise Variation in Stanton Number Reduction 
(e.=40.8°, M=1.58, x/d «11.50) 
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Appendix F 

HEAT FLUX REPRODUCIBILITY 

: 1 . 0 ) 

Preliminary film cooling experiments were conducted In the present 
study with 0J. : 1.0 to verify the reproducibility of data obtained In 
Reference [1]. See Section III.G. for discussion. Figures A51 through 
A58 show the data for additional heat flux gages (e^ • 22.9®) from the 
present and previous studies. The value of the blowing ratio was taken 
as the blowing ratio of the film coolant hole directly upstream of the 
particular heat flux gage. This was necessary due to the variation of 
blowing ratio that resulted from the differences In flow resistance In 
each of the Installed rubber coolant supply lines. In general, the agree- 
ment of the data from the two studies was good. 
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Figure A54. Comparison of Variation in Stanton Number Reduction with Blowing Ratio (Gage 16) 
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Figure A55. 





Figure A56. 
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Figure A58. Comparison 



